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ＱＢＧｨｾ＠ development o;f t.be Ge (Li) gatllmm, rtay ｳｾ｟･｣ｴＮｲｯｭ｡ｴ｡ｴﾷ＠ io ｩｮ｣ｑｬｩｾｰｬ｡ｴｑ＠
-t 
in ｯ･ｶｾｲ｡ｬＮ＠ ｾｲ･ｾｭＬ＠ particularly ｴＮｾｯｴｩ･＠ ｩＧｲ･ ｟ ｾｾｾｩｮｧ＠ ·to. ｾｾｷＺ＠ :level. ｣ｯｾｮＱｴｊＮｮｧＮ＠
tbeaiB ia an ｡ｴｴｾｲｮｬ＾Ｇｴ＠ to clef:lne ｴｨ･ｩｾＢ＠ lo\'f l'e\rei coun1;ing cepabilltieSo 
"• • ,1' 1 1 ｾｾ ｾ＠ • \ I . r I 
·· 1.'bia 
ｵｰｯｾＱ＠ Ｎ ｾｲｹｯ｡ｴ｡ｴ＠ ope.t"a:t.i.ori · and ｴｨｾ＠ ＨＺｾｬＺＮＮｬ｢ｲﾷＬｾｴｾｯｬｩＱ［ ﾷ＠ ｲｭＺＮｾ｡ｾｮｵＺｾｾｬｬ･ｮＺｴ＠ 0 ｟ ､ Ｎ ｾ｡ｧｲｬＮｯｳｩｳＮ＠ flnd 
ｲｾｾｰｯＮｩｲ＠ _of. detectors a Due· to · its sionificetnce ia1 19\'1 .level Ｚ ﾷ ｣ｯ Ｎ ｵｬＱＢｴｩｾｯＮ Ｙ＠ Ｎ ｴｾ･＠
otf'iciency of dQteet;l.on of . gamma r6lys . ｨｾ Ｎ ｡Ｎ＠ ｴ｜ｬｾｯ Ｎ ﾷ＠ ｱ･ｾｦ｜＠ ･ｶ｡ｾｵ｡ｴ･｣ｬｾ＠ It· was 
ic)und that · some· ·<leteot.ol:..a hnd ･ｦｦｩ｣ｩ･ｮｾＺｬ･･＠ of detection smaller ·than that 
. . •. . . . .. l··. . 
･ｾ｣ｰ･｣ﾷｾ･､＠ fl·.om thair ｳＺｊＮｺｾＮ＠ Other ｉＭＡｊｌ•ｯ｢ｬｾｭ Ｎ ｩ［＠ Ｎ ｡ｾｳｯ｣ｩｾｴｾ､＠ in · t.b(!;l ｾｰｴｩｾｩｾｾｴｩｯｮ＠
of 'Pff:lcientt-:y were· . aluo Ｎ ｯｯｮｦＺｊｩ､ｯｾﾷｾｾＱＧ＠ .. 
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An ･ｸｰｲ｡ｾｾｩｯｮ＠ ·has ｢･ｾｮ＠ ､･ｲｩｶｾ､Ｌ＠ and ･ｸｰＬ･ｲｩｭ･ｮｴ｡ｾｬｹ＠ verifiod 1 for 
ｴｨｾ＠ ﾷ ｴｊｊｾｮｳｩ＠ ＱｾＺｩＮｾｩ＠ ty · i .imi t o:t "' . Ge Ｈｾ ﾷ ｩＩ＠ ｾｬＩＮ･ Ｎ ｣ｴｬＧｯＮｾ･ｴｾｲ ﾷ＠ .ancl ia f:ound to ､･ｰｾＱＱ､＠ ｾｰｯｮ＠ · 
. the ｡｢ｲｵｾｬｵｴｯ＠ ･ｴＧｦｩ｣ｩ･ｮｾｹ＠ ·of detect·ion, ｢ ﾷ ｡｣ｬｴｧｾｯｾｮ､ ﾷ＠ c9ntinuu5J1,:• :energy .a .. ｡ＬｯｩＢｴｾ ﾷ ｯｮＬ＠ · 
' • • 0 • • • . . • ' • ' • ' 
count time and the required statistical ｰｲ･｣ｩＮｾｩｯ｡Ｚａｾ＠
b_een used to · evaluate the ｡ｩｾｮｩｦｩ｣ｾｮ｣･＠ of theS,'f) ｰｾ｡ｮｴ･ｴｾｾＮＭｳ＠ .. 
of· short lived isotopes ·has. ｡ｾｳｾ＠ .beei1 accm.lnled· for,. · 
ｓ･ｶ･ｾ｡ｾﾷ＠ ｣ｯｵｮｴｩｾｾ Ｍ ｣ｯｮｦｩｧｵｲｾｴｩｯｮｦｬ＠ ＨｾｾＹ•＠ coincidence, ｡ｮｴｩ］｣ｯｩｮ｣ｩ､ｾｮ｣･Ｌ＠ · .· 
｡ｾ､＠ ｩｮ｡ｳｳｾｶ･＠ · ahiel·d.irig arrangeme.:at.s) are · available arid ｨｾＺＮＮｲ･＠ va1"ying degrees ﾷ ｾｦ ﾷ＠
' • o : o o o • o I o \ 
｡ｦ ﾷ ｾｾｾｴｩｶ･ｮ･ｳ｡＠ whel'l us.ed ·tor. ld\Y' level countingo A". ｣ｯ｡ｾｰｅｾｲ｡ｴｩｶ･＠ ... metltod baa·· : 
been ·evolved to evaluate the. ｕｴｈｾｦ｜Ｌ｜ｬｮ･｡ｳ＠ of ea9,b ｴｾＨｾｨｮｬｱｾｾ ＭＭ ｾ＠ It .is ' ｦｾｾｮｾ ﾷｾ＠ ｾ＠
. that maas:i,,e "sbield;i.ng' ｣･ｲｴｱＮｩｾ Ｎ＠ ｡ｬｰｨ｡Ｍｧ｡ｭｮｾ＠ ｾｮ､＠ ｢･ｴ｡Ｚ［ｧｾｵｮｭ｡＠ coincidence, "and 
｡ｮｴＺｬｾ｣ｯｩｮ｣ｩ､＼Ｚｬｮ｣･＠ metbo(ls have the beat lO\i level menauremen.t ca.pa\,ility and 
｣ｾｮ＠ ｲｾ｡｣｢ ﾷ＠ levels o£ tho order of 1 ｰｃｩｾ＠
Data. ｾ｡＠ ｰｲ･｡･ｮｴｾ､＠ in ｣ｾｲｴ｡ｩ ﾷ ｮ＠ case5 'tQ substantiate ｰｲ｣､ｾ･ｴＮｩｯｴｾ｡＠ ｾ Ｍ . 
. .. ｟ ｳｩＮｩ｣ｾ＠ analyses· ｡ｾ･ Ｎ＠ valuable irt ｴｨｾｴ＠ they can allow" 'perfo:rnltince ｰｲ･､ｩ Ｎ ｣ｴ ｟ ｩｯｮ Ｎ ｾ Ｍｾ＠ .. 
ﾷｾ ｦｯｲ ﾷ＠ ｳｰｾ｣ｾｲｯＱｮ･ｴ･ｲ｡Ｎ＠ ｅｶｦｬｬｾ｡ｴｾｯｮ＠ of. ｾ､､ｩ＠ ｴｾ ｟ ｯＬｮｳ＠ o·:r ｮｾｷ＠ ｣ＺｯｵｾｴＺｬｮｧ＠ ｣ｯｮｦｩｧｵｾ｡ｴｩｯｮ｡＠ .. 
(ol" ､･ｴ･｣ｴｱｴﾷｾＩ Ｎ＠ to. an exieting .spectrometEU" ｩｾ ﾷ＠ also .. feasible a No ｐｬＢｾｶｩｯｵｳ＠
ataalysia of · this type has bee.ri. undertaken. 
·, , ·. 
. .. . ｾ＠
j. :, 
. 4 . 
I ,.,ish ·to ｡｣ｬｾｵｬｷｬ･､ｧ･＠ Dl"o C.,Jh ｊＮ［＾ｯｴ Ｌ ｬｾＭｾ＠ ＴＭ｜ ｾｾ､＠ )):;.,"., W.,Uo Gilboy, ｬｬｾｙ＠
. mupG;c'Viaore 9 for their. ｡ｮｴｨｵｴ Ｚ ｊｩ｡ｴｴｳｭｾ Ｎ＠ d.h•ecti(ul_ and ｨ･ｴｬｽ＾ｾ＠ ｊｶｬｩｾＡｩｬ＠ ｮｾｬｾｱ＠ StOl"ll 
for many ideus, ＺｬｮＺｦｯｴｾｾｩｊ｡ｴｩｯｮ＠ ｡ｮｾ ｟ ｡ｮ｣ｯｴＮｵﾷａｧ･ｭ･ｵｴＬ＠ MK'., E.,q.twell -nnd bin,' staff. 
for• providing an ｾｸ｣･ｬｬ･ｱｴ＠ librtu·y servlce, and the '"o.rlters in all the 
labora't.oriea \'Tho ｏｏＧ］Ｇｏｘ＾･ｲ｡ｴｾ､＠ wi tb the .provisioJl of ､ｾｴｴ｡＠ 9 ·discussion and 
. use of ･ｱｵｩｸ＾ｾ･ｮｴｯ＠ The ｾｳ･＠ ·of the facili·tiea of Nuclear Enterprisef.l Ltd. 
:ia appreciated. I shoulq al.so ｬＺｬｬｾ･＠ to ｴｑ［ｾ ｟ ｬＱＺ＠ my wi£e for her t 'olel"ance 
oncl ｾｵｰｰｯｊ［＠ .. ｴｾ＠ my parents ;for the:.i.1"' .. ｟ Ｚｳｴｾ｡､ｹ＠ ｾｵｰｰｯｲｴＬ＠ M.rs., DoAo Buchan for 
typing ·t.be 'the5is and Mro Co ａｧｧｾｴ＠ for him · worlt ｷｾｴｨ＠ ｩＮｾｨ･＠ ph(>tographao 
. . 
F;l·nally I acknowJ.edge ｴｨｾ＠ .hel.p of Mr. & t-trs .. So ｬＧＧ｡ｮ､ｾｧｯ＠ ·fot" their help 
in 4lBsembl y of the thesis and theil" general help and encouragement o 
· .. 
ＡＮＡＮ＼ＲＮＡＡ｟ＡｾｾｾＱ＠ ｾＮｾＡＡＧｾｮﾷｾＡ＠
ｳ［ｾｾＡｅＮｴｾ＠
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ＹｬＱｾｾＡＺＮＡＬＮｊＮ＠
ｾ＠ . ｾｾＺＡｾｦ＠ ｄ･ｾＮｾＮＡＧＮＡＮｩＡＮｾｯｦ＠ ｟ｴｾｾｴＡＡｓＡｊｴｾｅｾ＠ of Ge ifi.l ｾ｡ｮｮｰｾｊＡｾﾥＭｅＮｒｾｯｬＡＲｾｾｴｾＡｾ＠ · 
.x 14 1· ｪＮｮｴｲＭｾＧＢＡｬｾｾｩＮＡｭ ﾷ＠
. :;k ﾷＮ ｾ＠ !t ｾｾ＠ ＺﾣＡｽＡＬＮｾ＠ ｄ｣ｲｙｾｾｾｾＺＮＡｬＺｌＮＲｦＮ｟ｾｾｾ＠ ＱＮＬＬｭＡ＿ＮＬ･ｾｾｾｴｯｴＬ＠
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. . . 
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ＦＡｃｩｴＮＬＧｗｉＧｉｮＮｯｾｾｾ＠ .. ｬｗｴ Ｎ ｟｟ＮＮＮＮＮＮ｟ｾＮＬＮｾｾｾｗｾｾＢｉｬ Ｇ ｊｩｴＮｃｍＮＮＮＮＮＮＮＮ＠ ＾ｴＮ｡Ｎ｟ＮＢＧＡＧＧＮＮＬＮｦｲｴｬｍＧｾｉＭｊｉＮＮＮＬＮＮＮ｟ＮＮｾ｟ＮＮＬｾｾｉＧＡＧｾｬｴｦｾｬＨｴｾＭＧｴＭＮＮＭｍＺ＼ｑｾＭ
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Chapter 1 
A Brie·! De·scriptiC)n o1' the Principles of : Ge(Li) ｇ｡ｾｭｾ｡＠ Ray _Spectrometers 
1.1 Introduction-
ｇｾＨｌｩＩ＠ ganuna ray - ､･ｾＡｬ｣ｴｯｲｳ＠ .aJ>e now well ･ｳｴｾ｢ｬｩｳｨｾ､＠ in the field 
ot . gamma ray spectro$copy. Since their first experimental ·demonst.ration 
(Fre.ck ｾｮ､＠ ｗｾｴ･ｦｩ･ｬ､＠ i962) they ｨｾｶ･ Ｎ＠ been suc_cesafully used for many · 
appiications. ｃｵｾｲ･ｮｴ＠ detectors cara · now .reach energy resolution.s• o·f 
1.6 keV (Gibbons 1969), peak ｨ･ｩｧｾｴ＠ to Compton edge ｲ｡ｴｾｯｳ••＠ of ｾＷ＠ to ·1 
Ｈｃ｡ｮ｢ｾｲｲ｡＠ Industries Inc.) · and · clrif.t'ed volumes ot· ｴｾ･＠ .order of ｾＲＰ＠ ··ccs 
(Henck, Siffert, Miehe and Coche 1969). In addition, timing resolutions 
_(t1uaranta 9 l4artini and Ottaviani ·1969) of the ordel" of nanoseconds may be 
ac_hieved. 
·.A large vo,Jtune of publishe<,i ｴｮ｡ｴ･ｾ Ｎ ｩ｡ Ｎ ｬ＠ is available ·.. This is ｾ･ｬｬ＠
index.ed by ｂｯ｣Ｑｾ＠ ( 1967), Bornand ( 1968) . (st>ecial isin.g on fabricat:lon) and 
McKenz:ie . ( 19.69).. . The fieid is also \fell revie\11ed by . Dearnaley arid Nor.throp 
( ＱＹＶＶＩ ［ ｾ＠ Admim ( 19·66); Hollander (·'1966), ｇｵｮｮ･ｲｾ･ｮ＠ ( 1967), ·nertol.in.i and 
Cocl\e ( 1968) and Crout.hame1 1 Adams and Dams ( 1970) and. cover the major 
ｾｳｰ･｣ｴｳ＠ of.' the developrnent . of Ge {J,ji) detectors., The more technical -improve ... 
men.:t_s in ｾｊｙｪＺｊｴ･ｭ＠ perforrnnnce have beor1 achieved by . the ｣ｯｭｮｾ･ｲ｣Ｎｩ｡ｬ＠ contpanies 
and . hertce minimal detr:d.led information is available .. 
·........ (·· .:-- A ﾷ ﾣＮｾｴｵ､ｹ＠ ot the above 
'ii terature : y<ittQ.lda e. t.iound introduction int.o the pritaciples a.rad ｡ｰｰｬｩＨ［｡ｴｩｾｮ｡＠
of Ge(Li) dt!)tector .systems. At tho ｢･ｯｩｾｮｩｬｾｧ＠ of ·.the ｜ｾｯｲｫ＠ :for this thesia 
(·1966) it \1/aS observed that there was, ll.nd st'ill is, a n1arkod lael<. of 
:i.nforn1ation regarding thed,x· lo\'1 level Ｈｾｯｵｮｴｩｮｧ＠ Cl:\pilbili ties o 
point that led to the choice of this .thesis ｳｵ｢ｪ｣ｾ｣ｴｯ＠
rt \'las this 
The first use of. semiconductors for radiation deteption was 
demor&strated by ｬｙｩ｣ｾｃＮ｡ｹ＠ ( 1949 ). , ,.,.ho c·onstructed a p-n ,juttction by placing a 
phosphor · bronze needle point upon a germardum -slice.· The resulting sensi ｾｩｶ･ Ｎ＠
volume, although .only o·f the order 10 -:;nmt diameter, ｷ｡ｾ＠ su:f'ficient to detect 
nlpba particles. In the following decade considerabl.e emphasis was placed 
• ｾｩ･｡ｳｵｲ｣､＠ as :full \ddth at half ｭｾｬｸｩｭｵｭ＠ peale ｨｾｩｧｨｴ＠ ＨＱｾ｜ｶｈｍＩ＠ :tor 
the 1. 333· MeV gamma ｲ｡ｾ＠ ｰ･｡ｾｴ＠ fron1 60co 
• • i-leasured for the 1.:;:; l-1eV peale. of 6oco 
. ｾ＠ .... 
__;__;__....;.......;____;;__.:.,.____;,_· .;...• .;,..·· ',:..;' "--...;.....·· ....; .•• ___;,;,» _ __;_____.. __ ..:...__..:_____;......____; __ ·-'-, -' . _ _;_· ﾷ ｟［｟Ｚ ﾷ ﾷ ﾷ ｾ ﾷ＠ .;c..:.'• _;_'" --'·;:.:....." ;_• . ·..;;....  .:..........;'•;_' ｟｟｟｟Ｚ｟ｾＭＭ ＭＭＭ • . ,• • ' • Ｇ ﾷ Ｎ ﾷｴﾷｾ［ＢＢ＠ ｾﾷ ＺＮＺ Ｌ ｉ Ｇ Ｍ . . .!• • .. ｾ ｾｯ Ｎ＠ ＺＮ ｾｊ＠ .. . . • . :·: 
Ｎｾ＠ : ' 
':- f ''" 
• ｾ ﾷ ＡＧＬ ｉＧ＠ .,. _ .......... .. :", ... .. 
.· . ｾ＠ · ," 
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on the d<.llveloJlment of ail icon . and gcrrnanium· tor tl'"tUt$istor ｮｵ］Ｍｲ｡ｵＨｾＺｴ｣ｴｵｲ｣ＺＮ•Ｌ＠
and th.ls ｲ･ｾｵｬｴ･､＠ in the availability of high purity ｾ［ｾ･ｭｩ｣ｯｮ､ｵ｣ｴｩｮｧ＠
materials tor rtulintion detector ､･ｶ･ｬｾｊＬｭ Ｎ ･ｮｴＮ＠
· Mayer ｾｮ､ Ｎ ｇｯｳｳｩ｣ｫ＠ (1956) ｭ｡ｮｵＺｴ｡｣ｴｵｲｾ､＠ a germaniunt surface barrier 
deiector, ｳ｡ｾｩｳｦ｡｣ｴｯｲｹ＠ for particle detection but ｩｮ｡､･ｾｵ｡ｴ･＠ for gamma ｲ｡ｹｾ Ｎ＠
due to the small sensitive volume. Both silicon and ｧｾｲｭ｡ｾｩｵｭ＠ p-n junction 
､･ｴ･ｾｴｯｲｳ＠ were ｳｵｾｳ･ｱｵ･ｮｴｬｹ＠ developed, the· depletion layer being the sensi-
. ' . . 
tive region .and hence inherently limited in thi$ type ｯｦｾ＠ ｳｴｴＢｾ｣ｴｵｲ･Ｎ＠ Appli .. 
. . . 
cations were thus lind. ted to particle ·and X-ray · measurement. At this 
ｳｴｾｧ･Ｌ＠ silicon detectors met wide use largely due . to their ability to 
. . 
function.at room ｴ･ｭｰ･ｲ｡ｴｵｲｾ＠ • 
. In 1960, Pell developed a n1eans of achieving ､･･ｰｾｲ＠ depletion 
·regif?DS by .the lithium· ion.drift process. ｅｬｬｩｾｴ＠ (1961) managed to achieve 
.. ·. ｾＮ＠
sensitive depths ' of silicon o·t ·a ·tew nlti using Pell's ｴ･｣ｨｮｾｱｵ･Ｎ＠ The ion 
drift principle was thert applied to germaniuml with its much higher gamma 
ray abs.orption . ｣ｯ･ｾｦｩ｣ｩ Ｎ ･ｮｴｳ＠ and ｆｾ･｣ｫ＠ and Wakefi,eld . ( 1962) ､･ｾｮｳｴ ﾷ ｲ｡ｴ･､＠ :the 
ｴｾｲｳｴ＠ Ge(Li j gamma ray ｳｰｾ ﾷ ｣ｴｲｯｭ･ｴ･ｲＮ＠ . It was at ｴｨｩｾｃｳｴ｡ｧ･＠ ·that ｲｾｬｾｴｩｶ･ｬｹ＠
high energy resolution detectors, with workable efficiencies of 'detection, 
could be ret-\lised and this led to the wide-spread interest in .the Ge(Li) 
detector ｾｳ＠ a gamma ray spectrometer. 
· Ewan and· Tavendale ( 1961.6) fabricated devices with Eienai tive 
volumes of a few cubic centimetres, and demonstrated their tiae for several 
measurements in pair ｡ｰ･｣ｴｲｯｭ･ｴ･ｾｳＬ＠ coincidence and . anti-coincidence 
systems. The ｰｲｩｾ･ﾷ＠ ｾｩＬｦｦｾ｣ｾｬｴｩ･ｾ＠ encounter.ed Ｎｴｨ･ｾ Ｎ •＠ as now, ·were in obtain-
ing gerananium ingots of appropriate· q,uali ty . (Coleman 1966 ·t ｍｵｧｧｬｾｴｯｮ＠ 1967). 
Fabrication techniques and results .were highly . dependElnt upori . 
material quali ｾｹ ﾷ＠ and conditions frequently outside the con:troi of · the 
exper-imenters. This led to a large number of "recipe" ,type .Papers for 
detector· fabrication (Bornand 1968). The principal ･ｦｦｯｾｴ＠ .. ｜ｾｵｳ＠ centred 
upon resolution and sensitive volume .improvements. . Malm and Fowter (1965) 1 
produced ｴｬｾ＠ ｦｩｲｾｴ＠ large volume coaxial i detector 'wi t .h a· volume of 54:. em:;. 
Thi.s .wa.s roughly ･ｱｵｩｶ｡ｬｾｮｴ＠ to a 4 em dia by 2.5 .. em thick Nal(Tl) ﾷ ｳ｣ｾｨｴｩｬＭ
lator but with an energy resolution of 4.6 keV• In subsequent deYelop-
met1t.a . the detector quality was improved rapidlyt but there ｷｾｲ･＠ no ｬ｡ｲｧｾ＠
increases in sensitive volume. The germanium ingots were still the limit-
ing factor to volume ｾｭｰｲｯｶ･ｭ･ｮｴｳＮ＠
It became appreciated . that an increase in ｳ･ｮｾｩｴｩｶｯ＠ volume did 
not necessarily lead to an increase in efficiency (Walford and Doust . 19.68).; 
I 
•• ｾ ［＠ ,._ •• ｾ＠ t ' ' •• ' ·:: __ ｾＭ ｾﾷ ﾷ ｾﾷ＠ . . . ... _ i _ _ .. ' . !'. ¥.;,.: ;- :· .. .. . ....... ｾＭ . ｾ＠
- . . · 
. ' Ｍ ｾ＠
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At . the ·. present time, detectors of all sizes are in use since it rapidly 
. . ' 
beca._tne ｡ｰｰ｡ｲ･ｮｾ＠ that s_maller volume detectors are frectuently more suited 
to· 'certain appli.cations (Camp 1967) •. The smaller det·actor.s can offer . 
simpler ･ｾｰ･｣ｴｲ｡ｬ＠ analysis due to reduced peak ｩｮｴ･ｲｦ･ｲ･Ｍｾ｣･Ｍ Ｈｇｩ｢｢ｯｾｳ＠ 1968-). 
' . ' 
The Ge (Li) detector is· well ·f:5ui ted ﾷ ｾｯ＠ ｴｩｭｾｮｧ＠ ·measurements . 
(Quaranta et • . al 1969) and ｾｳ＠ been used in pair spectrometers Ｈｔ｡ｶ･ｮｾ｡ｬ･＠
1961•) ｾ＠ coincidence arrangements (Shirley 1968)', and ｡ｊＺｩｴｩ｣ｯｩｾ｣ｩ､･ｮ｣･＠ systems, 
(Camp 1969) • 
Special arrangements of . det.ectol"S ·have· been made to extend ｴｨｾ＠
t:lexibility of systems . and for speciai ｡ｰｰｾｩ ﾷ ｣｡ｴｩｯｮｳ＠ • . ·Levey _(19'66) has. 
fabricated n.nnular detectors for 'nuclear- ·reaction · studies, while ｓ｡ｾｮ､･ｲｾ ｾ Ｎ＠
' . . i ' . ' 
(1966), ｒｩｾｬ･ｹ＠ (1967), Lalovic (1969), Walfqrd (1971). and Larsen .. ｮｮｾ＠ Strauss 
. . 
·c 1970) ｨ｡ｾ･＠ stackeq detectors together .. to increase the ｾ Ｍ Ｚｴｾｦ｣ｩ･ｮ｣ｹ＠ of ､ｾﾷｴ･｣ｴＭ
ion. Dearnaley, Hardacre and ｬＧｾｯｧ･ｲｳ＠ ( 1963), have ､･ｹ･ｬｯｰｾｾ＠ thin ｷｾ ｟ ｊＺｬ､ｏＧ＠
､･ｴ･｣ｴｯｲｾＬ＠ sui table for ｨｩｧｬｾ＠ energy particles ·and X-rays. . Guard rlng 
· dev'ices ＨＧｦ｡ｶ･ｮ､｡ｾ･＠ :1966) and ﾷ Ｎ ｧｾｯｯｶ･､＠ ､･ｴｾ｣ｴｯｾｳ＠ Ｈｈｾｲ｣ｾｬｯ［＠ 1969), -result ﾷ ｬｾ Ｎ＠
. . 
high energy resolution ｰ･ｲ Ｎ ｦｯｲｭ｡ｮｾ･＠ _and accurately ､ｾｦｩｮ･ Ｎ＠ ｾｯｵｩｾｴｩｮｧ＠ ｧ･ｯｾｾｴｲｹ＠
while being relatively ｩｮｳｾｮｳｩｴｩｶ･＠ to handling. ·v One. ·major ·linti ｴ€ｾｴｩｾｮ＠ · 
remaini.ng in detector flexibilit_y. is the · unavoidable use of a cryosta·tt · 
. although -some de.signs can allOt'/ col'lSiderable ｦｲ･ｾＧ､ｯｭ＠ of manipulo:tion· · 
{li'rnnke 1969). 
The potential energy resoluti-on of Ｎ ｳ･ｮＱｩ｣ｾｮ､ｵ｣ｴｯｲ＠ spectt•c:une.ters 
· re·alised in the early -196o 1 s placed severe denJa_ncls ｯｾ＠ elec_tronic require-
ments and in data handling. 1.'his demand helped , to .stimulai:e ､･ｶ･ｬ Ｎ ｾｰｭ･ＬＡＢＧｴ＠ ﾷｾ＠
of low nC.>iSe t!snplit"iers and inul ti-channel' ｾｮ｡ｬｹｲＮｾ･ｲ｡＠ • . Low noise fieid ; ' 
effect ｴｲ｡ｮｳｩｳｴｯｲ ｟ ｾＺＬ＠ (FET) ｜Ｇｉｏｬｾ･＠ USlE!d in ._. tile input, of -the· .. ｰｲｾｯｮｩｰｬｩｦＺｩ･ｲ＠
(Hadekn 1965) t.\nd ｾ｡ｰｩ｣ｴｬｹ＠ ｳｾｰｬＡＺｾｲｳ･､･､＠ the use of' vacuum ｶ｡ｬｶｾｬｲ｡ＬＮ＠ Benoit · 
'(1969), has reviewed electronic considerations ·:tor seniiconductor detectors 
and gives ｾｮ＠ adequate ､･ｳ｣ｲｩｰｴｩｾｮ＠ of ｴｨｾ＠ _problema confr-onted. Fair stein 
(1965), has also discussed main amplifier des_ign- for optimum noise perfor-
mance. Electronic noise performances of · less than 1 keV· are now read:tly 
pof:u3lble-, ar1d if the f:trst stage ｾ＠ ... ｅＮｾＮ＠ is cooled ｴｩｩｾｮ＠ this can be re-duced 
be.lo\'f o. 2 keV. High speed analysers having iri· excess ··of ·l*PQO ･ｨ｡ｴｬｾｾｬｳ Ｚ＠
are no\t al.so available. It is ｡ｾｳｯ ﾷ＠ becoming common · to . use analo_gue to 
digital converters coupled directly to computers :for ·· ､ｩＭｲｾ｣ｴ＠ data process-
\, .. ·. 
ｩｮｾ＠ (Thompson 1969). This ｳｩｴｾ｡ｴｩｯｮ＠ is a great advanc·e···:r.rom the ntid 1950's. 
when it was .unusual to have nnalysers with more -. than ｾＰＰ＠ .channels, these 
' frequently being of prohibitive size • 
... ﾷﾷ ｾ＠ t 
... · . , ...:· 
·: ··7 • . ｾ＠ 1-' •, Ｚ ｾ＠ ,.:: • : • ｾ ＢＺ＠ ,• I •• ｾＭＺＮＬ＠ :: • "·. • • '" _,_ ' ;"· 
·. ' 
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./ 
·' I 
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There have boon extonsi vo applications of ｾｅｾ＠ ( Li) ｮｰ･｣ｴｲＭｯｭ･ｴｴｾｲＮｳ＠
in nucleur· phys:lcs and r1eutron ac.tivll.tion anl\lysia. The nuclear t':teld 
ｩｴｳ･ｬｾ＠ .it' lnrge and is . briefly illustrated by ｭ･｡ｳｵｲ･ｭ･ｾｴ＠ .of neutron 
cap:tui·e gan:mtA rays (Shirley . 1965. and M_ichaelifl arid Schmidt 1966) t ｭ･Ｎｳｯｮｩｾ＠
at.oms (N:l_lsson . 1966') • sho:rt nuclear. lifetimes (Allen 1966) E.tnd iaomeric 
states (Yamazaki and Ewi.tn 1968). 
Neutron ｡ｾｾｩｶ｡ｴｩｯｮ＠ analysis has also been _exploited ·(Sltlavenitis 
Applications vary. as ｷｩｾ･ｩｹ＠ as forensic stu4y ('Guinn ｾＹＶＢ＿ＩＬ＠
gec).logical sample asa·ay ·'(Gorden,. Baedecker, ａｮ､･ｲｳｯｾ•＠ and Drt·m 1968), 
detection of forged ｰ｡ｩｮｴｩｮｾｳ＠ Ｈｾ｣ｨｲｯ･､･ｲＬ＠ Kraner and Robley ·1966) and 
trace element ﾷ ｡ｮｾｬｹｳｩｳ＠ in ｩｾｴ｡ｬｳ＠ '(Prussin,- Harris and· Hollander 19'65) ｡ｾ､＠
human tissue (Perkins·and Haller 1967). 
ＧｬＧｨｾｲ･＠ is. ｾｬｳｯ＠ a steadilY .. increasing ｲｴｵＺｾｧ･＠ of' other meastirements 
. · .. 
in . medi'cal. applications . and in · natural actiVity bleLUiiUrements where the 
acttivi.ty lovels are _easily detectable ns in the ﾷﾷ ｰｩｴｾｨｾｬ･ｮ､･＠ meaaurements 
. ｯｾ＠ ｜ｬｦｩＺｬｩｩＧｾＬｬｬＩｳ＠ (-1966) ｡ｾ､ ﾷ＠ ｦ｡ｬｬｯｾｴ ﾷ＠ samples .ot· ａｴｫｲｾｧ＠ and l..ippert ( 1965). It 
. j.. 
is r1oticeable . that the low level cou·nting capabilities have remained largely 
ｵｮ･ｸｰｾｯｲ･､Ｎ＠
1.3 £barge Collection and Generation Applicabl!L!o ｓ･ｭｩ｣ｯｮｴｬｾ｣ｴｩｮｧ＠ Solids 
The detector, for the _purposes of this ､ｩｳ ﾷ ｣ｵｳｳｩｾｮＬ＠ may be .con-
ｳｩｾ･ｲ･､＠ a.s analogous to a solid state ionisation chamber. For an incident 
ｧ｡ｾｾ＠ ray to be recorded in ｴｾ･ Ｍ full energy peak. of the ｲｾｳｵｬｴｩｮｧ＠ .spectrum, , 
its entire . energy must be d_eposited in the . sensitive ·volume .of the detector 
and then totally collected. Ignoring chE,\rge collec_tion .effectH, the 
resulting pulse output ｾｩｬｬ＠ then be directly proportional to the incident 
g_ammti ray ener·gy. The 'process of depo.si tion and collection is considerecl 
in· ·.three pt.\r:ts, namely the primary ganin1a ray interact.i.ons • conversi.on to 
ele¢tron hole pairs nnd the collection of the generated charge. 
Deposi \:ion of ｧｾｭｭ｡＠ ray ･ｾｴ･ｲｧｹ＠ occtirs ｬｾ ｩ Ｎｲｧ･ｬｹ＠ by thre0 basic · 
processes (Davisson and Evans 1951), Compton effect.., ｰｾｬｩｲ Ｇ＠ production ｡ｮｾ＠
_photoe_lectric effect. Of these, the photoelectric· effect and · ·pair· t>roduct-
i .on result ·in- entire deposition of the gamn1a ray energy. 
' ' . . 
The Compton 
effect (Fig. 1.1) results in a varying percentage of the energy being. 
deposited which adds -a continuum to the ｳｰ･｣ｴｲｾｬｬｬ＠ observed (Fig. 1.2). 
' • 
·.: . 
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l'he ｾｯｬｬ･｣ｴｩｯｮ＠ of energy deposited by pair. production ｨｯｷ･ｶｾｲＬ＠ i.s ｡ｦｦｾ｣ｴ･､＠
by .secondary effects. The electron loses its energy in various processes 
(to be· described), ｷｾｩｬ･ Ｎ ｴｨ･＠ ｧｾｮ･ｲ｡ｴ･ｾ Ｎ ｰｯｳｩｴｲｯｮ＠ after losing its kinetic 
: . . energy ｴｩｾｴｩｲｮ｡ｴ･ｬｹ＠ annihilates. wi:th an electron (lt"'ig. 1.1), resulting in 
ｾ＠ . . . ｾ＠
ｴｾｯ＠ 5.ifkeV gamma ra.ys ·which n'ust be totally nbao!"bed :i .. f' t\ linear energy.;. 
ｲ･ｳｰｯｮｳｾ ｟ Ｎ＠ reltitionship' :ls t .o _be maintained. · Ｇｲｬｵｾ＠ loss of ()ne or both 
g$mma rays results in a •single' ' or ｾ､ｯｵ｢ｬ･•＠ . .ttaeape ｰｾ｡ｫ＠ Ｎ Ｈｬｾｩ Ｎ ｮＮ＠ · 1.2) ｾｮ､ Ｎ＠ if 
one or both of· the·eecapino. ganuua rays interacts in o. Comp-ton int(braction 
｢ｯｦＧｾｲｾ ﾷ＠ ･ｳ｣｡ｰｾｲｴｧ＠ thEm the ini ｴｩ ｟ ｾｬ＠ gamma_ ·rtty will contribute to the continuum 
between the ·single escape peak and the full -energy ｰ･ｾｴ＠ (Fig. 1.2) • 
. Should the ｩｮｾ＠ tial interaction be o Compton· .or ·pair produc_tion 
event, then the· scattered pho_ton and ann:i..hilation radiation - mut)·t ｵｮ､･ｲｧｾ＠
total abs._or}ltion_ to mai.ntain the -linear .relationship. ｔｨｩｾ＠ ｩｾｶｯｬｶ･ｳ＠
total collection _of multiple ｳ･ｾｴｴ･ｲ･ｶ･ｮｴｳ＠ (Fig. 1.3)t and ia energy 
dependant., depending UJ')On th_e ｡｢ｾｯｲｰｴｩｾｮ＠ coefficients. ｰｲ Ｎ ･ｶ｡ｩｬｩｮｾ＠ (Fig. 1.lt-). 
Below 500 keY,. photoelectric ･ｶ･ｮｴｾ＠ dominate, ｷｨｩｬｾ ﾷ＠ above this figu,r:e 
. . ' ' . . . 
. ｴｾＧｬｴｾｰｬ･ﾷ ﾷ＠ ｾ｣ Ｎ ｡ｴｴ･ｴＢ Ｚ＠ contributes signifiC4lntly to· the full enertJY peak, being 
ComptC?n dominnted until 2 MeV, ｡ｾ､＠ thereafter by Compton and pair pro-
. cluction eve'nta. 
It · ·is ｾｶｩ＠ dent that, ｳｩｾ｣･＠ the secondary interactions depend upon 
the spati.al · extension of sensitive volume, i_ts shape -has. ｳｾｭ･ ﾷ＠ ･ｲＧｦ･Ｎｾｴ ﾷ＠ upon . 
the full energy peak efficiency. For significant ·. contribution to _the full 
energy peah: efficiency by mul ｴｩｰｬｾ＠ ·scattering, the · sensitive volun1e should 
b.e compact dependi.ng upon the energy range of interest (Section 5.2.2.2) • 
ｾｾＳﾷＲ＠ The Generation of .Electron Hole Pairs 
1'he energetic e·lectroh (energi$ed by the ganuna ray) loses energy 
- to the crystal ｬ｡ｾｴｩ｣･Ｌ＠ by repeated collisions. · This results in a large 
number .of lllttice exc'itations and electron-hole pairs • Some energy is 
. also ·lost ｾｹ＠ the generation of ｾｲ･ｭｳｳｴｲａｨｬｵｮｧ＠ that may be re-absorbed by 
the processes described in Section 1.3.1. Ultintately, the entire energy . 
is- deP_osited in the form of electron hole pairs and . .local.iaed ｬｾｴｴ ｟ ｩ｣･ ﾷ＠
he,lting • . · As the: average energ_y required to create an ion hole pair (w) 
in germanium is small ＨＲＮｾＴ＠ eV), a large number of pair.s ·are generated. 
The division of energy between ｾｬ･｣ｴｲｯｮ＠ and lattice exci.tations and 
ele.ctron hole ｰｾ［ｴｩｾｳ＠ is statistical and hence ther(! is a ·variance associated 
with the · total ti'uinber of pairs collected for the saane energy input. The 
.. ·:. 
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Fig. 1.3: 
Two Examples of t-lul tiple Scattering· in a Soli<!, 
nesurtirlq il1 · Total Energy De;pos:i. tion 
ｐＮｬｾＮ＠ = Phot() Electric 
Effect 
c.s. = Compton Scatter 
.- ' P.P. = Pair 
• 511 ｾＱ･ｶ ﾷ＠
ｾｾＭ
P.E. 
ｾ＠
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thoore:t:lcal treatment has been considered for ｦｬｬＺｬｴｾｯｴｊﾷ Ｎ＠ by"·Irano ( 19/1.7). 
Theoretict:\1 determ:tnations for 'w and Jl'arao•s ｴｬｵＩｯｲｹ Ｌ ｬｵＺｴﾷｾｩＧｃＺＡ＠ be(.!fl. eohFJ:ldered 
in detail. by Rastelli .and nota . ( 1968) ' · Ｎｋｬ Ｌ ･ｾｮ Ｎ＠ ( '1966)).,_ }he ＨｾｾｴｬｩｮｴＺｊｨｵｲｧ＠
ｃｯｮｦ･ｲ･ｮｾ･＠ ( 1967), Pehl and ｇｯｵｬ､ｩｾｧ＠ ( 1970 ).' t\nd ｚｵｬ Ｎ ｩＧｾ ﾷ Ｙ Ｎ ｾｲ＠ an·d ·Aitken ( 1970) 
and hence is only briefly ｣ｯｾｳｾ Ｎ ＿･Ｇｲ･､＠ here • . 
'rhe variance inay be expressed as follows:-
· Let E = energy ·of ｩｾ｣ＭｴＧ､･ｮｴ＠ ioriising ｲ｡､ｩＭ｡ｴｩＧｯｾ｡Ｌ＠
·E . . 
then N· = ; ｷｬＩｾｲ･＠ N = nverage number of ion pair·s gene.rated • 
. If cr- = root ｬｮｦｾｴ｜ｮ Ｎ＠ EJ<}Uare of the .i, ·on pair yield therl. 
2. 
Ji' ::a ｾ＠ where F (Fano . factor) ia a ﾷ Ｎ ｦｩｯｵｲｾ＠ used ·to ＨｾｘｰｲＨｊｴＺｊｓ＠N. 
the ､ｯｧｲ･ｾ＠ ·of' ｣ｯｲｴ•･ｬ｡ｾｩ Ｎ ｯｮ＠ bet.wetul the . proce:;ys 
. procluci11[r iol:1 ｰｾＮｬｩｲｳ＠ f4nd exci ta:t ions. 
If F = 0, then there is. no lntt:lce ·excitation and only ion hole ｰ｡ｩｲｾ＠ are 
generated.· If w is large and the number of pairs ·generated · is .small, .· 
. . I]. . 
then· Poisso11 statistics · hold and F = 1. Hence tr' N N. Thi·s is the case 
for scintill.ators. 
The factor, F, tnay bei .. measur-ed and has . been found to be a 
function of germanium quality,- .the ｬｯｷｾｲ＠ the value, t :he ·better the quality. 
It is this phenomenon that provides the ultimate limitation to 
,....-.,.... ..... ....._ . 
. 'l'he.t> S(3U.ticonductot .. detar;tor is operated under a ｲｮｶ･ｲｴＧｊ＼ＧＺｾ＠ ·biai;s 
ｶｯｬｴ｡ｧｾ＠ ｾｮＱ､＠ chtu•t)e libert'ltcd by gamma rays being ｦＮｈｾ･ｰｴ＠ to the electrodes 
(p l:?.Ud ll layex·a) t by t.h.e electric field acroaa the irttrinsic region 
gives rise to an output pulse. Ideq.lly, the ｩｮｴｾｩｮ｡ｩ｣＠ r·egion should be . 
ｦｲ｣ｾ･＠ of. ｬｾ･｣ｨ｡ｮｩｳｭｳ＠ (traps) that cause ｣ｾｾｲｧ･＠ loss but this is ｮ･ｾ･ｾ＠
completely .t\chieved in practice (Mayer Ｇ ＧＱｾｾＹ＠ and Restelli 1968). 
Charge is lost by ｬｾ･｣ｯｭ｢ｩｮ｡ｴｩ｣Ｚｭ＠ of ion· pa.irs ｾｩ＠ ther by ｣ｨｾｮ｣･＠ ·'\. 
meeting or by capture of an electron at an ｩｭｰｾｲｩｴｹ＠ aite 9 or structural · 
defect that is also .sensitive to .hole capture. These centres are termed 
recombination ce11tres. From a consideration of ･ｮ･ｲｾｹ Ｎ ｬ･ｶ･ｬＮｳＬ＠ the 
recombination centl"es have deep energy levels in ｴｨｾ＠ ｦｯｲｾ｢ｩ､､･ｮ＠ gap., which 
can oxiat in one o£ two states of electronic charge. 'fhese state's, if 
empty, ｴｾ｡ｮ＠ capture an electron from the conduction band and cun then 
ei t .her release the electron to the original band or·, by capturing a hole 
fr·om the valence band annihilate both carriers. As the centre is left 
--;;..;..---..;....;.---------··-·. ,: ... :: -_: ..... ---....i:'.;.;;'·· . ...;;;.... __ ..:.....:.... __ ....:...,_ _ ｟｟｟［Ｌ［ＬＮＮＮＬ［Ｌ｟［｟［ＺＺＮＮ［［Ｌ｟ＮＮＺＮＺＮＺＮＮＮＮＺ ﾷ ＧﾷＮＺＮＮＺＺＮＮＺ Ｇ Ｇ Ｈ Ｌ ｟Ｚ｟ ﾷＧ ＮＺＮ｟｟｟ＺＺｾ＠ __ ---'!...,.:........:.:.:' '..:....·':'..:.:.·,:.:..>. • ..:....· . ﾷ ＮＺ Ｍ ＺＺＮｾ［Ｍ _________________ ,,, • . . Ｚ Ｚ ｾ｟ Ｎ｟Ｌ Ｎ ［Ｍ｟＠
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in it-s· orifiblnl coa1cit t .i.on oft<lr tho r!ljcoanbinati on 1 t ｩｴｾｊ＠ copcthlo ot· 
reoombin:llig i\ ｬ｡ Ｎ ｩｾｯ･＠ nunibar of ctu .. riera. 
ｾ＠ｾ ＺＮ＠ .. . -
Hecombination also occurs at ﾷｳｵｲＮｴＧｬＡ｜ｃ€ｾＱＳ＠ whel"e ｴｨＴｾ＠ b11nd structure 
may be distorted and contamination considerable. This can be considered 
' ! 
as a special case of the bulk recombination· mentioned above. 
ｌｯｾ｡ｬｩｳ･､＠ levels, in ｡､､ｩｾｩｯｮ＠ to the above mechanisms, exist 
which .capture carriers but do not cause recombination. These are indicated 
. . 
ｾｳ Ｎ ｳｨ｡ｬｬｯｷ Ｎ＠ trapping ｬ･ｶ･ｬｾＮ＠ A trapping level . such as this· only exchanges 
carriers with ｯｾ･＠ band and holds then1 for . a ·limited time. · Ti'le .carrier then 
returns to its original band (detrapping). 
ent carrier mobility. 
This process affects the appar ... 
In practice, the performance of .the semiconductor detector is 
.entirely ､ｯｭｩＮｮｾｴ･､＠ by its trnppi11g. and carrier lifetime and the carrier 
mobility is 'tl'"ap dependant rather than material depe11dant .. 'rhe criterion 
' ls whetheJ," . the amount of trapping present· can be tole,rated in its effect on 
a ｰ｡ｲｴｩ｣ｾｬ｡ｲ＠ detector .. 'rhe ne·tt effect of the above ｰｲｾ｣･｡ｳ･ｳ＠ is the. ｾｯｳｳ＠
o:r· charge and some delay in i tn collection, .. giving ｬｯｾｧ･ｲﾷ＠ ｰｾｩｳ･＠ .r .ise time·s. 
The rever·se bias across a ､ｾｴ･｣ｴｯｲ＠ (ideally. ｾ＠ 100 ｶｯｬｴＮｳＯｾ＠
depleted region), generates leakage current :fl .. om a number of sources 9 (Ellis 
1968), in ｰ｡ｲｴｩ｣ｵｬｦｬ｜ｾ＠ tne· bulk ·tmd its surfaces. In imperfect detectors·; 
this may be cont.:ddorable, but whatever· the order of tlltJ.gni ｴｵ､ｾＬ＠ the accurate 
nloasuroment o.f' the ｾ｡ｭｭ｡＠ rElY ｧ･ｮ･ｲｾｬｴ･､＠ charge ｩｲＺＮｾ＠ perpetuaily impalred by a 
bacl<:ground ·.t'l0\'1 <>:f electron and holes. 
1.l1 ｾｾＡｾ＿Ｎｩ｣･＠ ｯﾣＮｾｭｩ｣ｯｮ､ｴｴ｣ｴｯｾｾ＠ .. Ｇｲ･Ｎ｣［ＬＴＮｮｾＡｬｾＡＡＮＭＮＡＮＲｾｾＮｾＮ＠ Ｄｴｾｾ＠ •.. Detector! 
Semiconducting ｳｯｬｩｾｳ＠ have been widely ･ｸＱｾｬｯｩｴ･､＠ for use as. 
ｰ｡Ｎｲｾｩ｣ｬ･＠ .. detectors by . the manufacture of a p-n junction and use of the. 
depletion region. By selection of suitable ｳｯｬｩ､ｾＬ＠ and ｴ･｣ｾｮｩｱｵ･ｳ＠ of 
achievillg.effectively intrinsic material, the depl.etion·region depth may be . 
i11creased .. The efficiency of particle ､･ｾ･｣ｴｩｯｮ＠ Ｑｳ ﾷ ｯｰｴｩｴｲｬ｡ｾ､＠ by using ｴｨｾ＠
deepest possible depletion region coupled ,.,ith the· highest Z material ｰｾｳＭ Ｎ＠
sible. The Ge(Li') drift process gives the best results at present. · 
ma.torinl. 
Three basic techniques ·may be uaed for the production of ir1trinsic 
1'he fit·st is that of· acceptor compensation by ·the drifting of 
" . 
ｾＺｬｵＺｩＮ＠ tt\b.le donors into ·the material (for example 1 i thium dri :fting in germanium 
and silicon., (>ell 1960) • 
.. - ｾ＠ ｾ＠ - 0 . 
'_- --·- .... ..:.._...__.._ ｾ ｾＭ Ｍｾ＠ ﾷ Ｍ Ｎｾ＠
' '. ﾷｾ＠ ｾＬ Ｎ＠ . ｾ＠ , \ ,.'' 
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The .aecond technique, also orie of eompdnsation of oxiating 
fntpur:l ty contrea, rel ic_s UJ>Oil compensatiort by produc tioa1 of l'"ad1 uti on 
induced ､＼ｾＮｴＧ･｣ｴｬｬｬ＠ (ftyvkin and ｍ｡ｴｶ･ｾｶＬ＠ . 1966 and 1968). ＧｦｨＰｴＺｵｾﾷ＠ workers hnvo 
' m_tulaged to produce . sensitive dep_ths of UU:} order o1' 3 mm in ｧ･ｊ Ｎ •ｭｵｩｬｩｵｾＮ＠
They have also atten11>ted fabriclition of similar ､･ｴ･｣ｴｯｾｾ＠ ｾｳｩｮｧ＠ cadmium 
telluride. However, the·_ techni_que _has been fourid to .be-- inherently l-imited 
· by . the large numbers of trapping centres also ﾷ ｧ･ｮ･ｲｾｴ ﾷ ｡､＠ ·by · ｾｨ･＠ induced 
defects. Ia:t ｾ､､ｬｴｩｯｮＬ＠ the technique is insensitive to sninll inhomogenietes 
.. . 
in acceptor ｣ｯｮｾ･ｲ｡ｴｲ｡ｴｩｯｮ＠ in. the bull< material. 
The ·third technique, now starting to show Jlrornise ( Tavendale . 197()) 
is the dil:'ect pulling of high purity ingots (Hall ＱＹＶｾＬ＠ ｬＹｾＩＮ＠ · '£he best 
.. ｾ｡ｴ･ｲﾷｩｮｬ＠ .so far achieved · using ､･ｰｴｨｾｾ＠ of the ordel" 2 .. j : tnm t_or germanium, 
has h'iven;· nn energy resolution . ot 2.06 lteV for 6oCo- This material has 
the great advantage of rapid detector fabrictition in comparison with the 
ｬｩｴｨｩｵｾ ﾷ ､ｲｩｦｴ＠ process. Howevet-;, it wi 11 be severa.l years before this 
process is directly competitive with the highly successful drift ｰｲｯｯ･ｾｳＮ＠
THe po_ssibili ties of using other semiconducting compounds have 
been ｣ｾｮｳＮｩ､･ｲ･､＠ (Brown and . Wagner· 1966,; Mayer 19G8) .• .se·verai ｭ｡ｴ･ｲｩ｡ｬｾ＠
show promise (Gunnerson_ 1967) but lack the intensive development ｴｨｾｴ＠ · 
ｳ ｟ ｾｬｩ｣ｯｾ＠ ｡ｾ､＠ ｧ Ｎ ｾｲｭ｡ｮｩｵｭ＠ ｨ｡ｶｾ＠ etljoyed. Working detectors have been ｭ｡､ｾ＠
from cadntium telluride by Akutagt:\wa and· Zanio· ( 1<)68) and Zanio, Al<ittagawa 
ｾｾｬ､＠ ｴＭｬｨｾｹ･ ﾷ ｬｾ ﾷＮ＠ ( 1968) who t\lSo used galliunl. nrsen;lde- \veisberg and Goldstein 
( 1963) have also ttaed oallium ﾷ ｰ•ｬｯｳｰｨｩ､｣ｾ＠ t\8 well tUI oall'ium arsorlide. To 
date; tho maximum aensiti ve depth · ｰｲｯ､ｴｾ｣･､＠ with those ｭ｡ｴ･ｲｩｴｾｬ｡＠ haa bet!n 
o:f' the order oi' 2 mm and with relatively poor perforn\Un:ce. . Ｇｦｨｯｴ］Ｎｈｾ＠ materil.lls 
also _ ht\vo inherently 1)oorer ultimate resolutions t'ronJ considerations of 
their barad gap and Fano factor. However, · .further development is 'required 
since these materials have the important potential of the -ability to operate 
at ｲｯｯｭ ｟ ｴ･ｮｾ･ｲ｡ｴｵｲ･Ｎ＠
1 • .5- 1'he Characte·ristics of Ge(Li) · Detectors 
The .requirements and cha1•acteristics of Ge (Li) ._detecto, .. s, are 
best understood . by consideration of the fabrica-tion ｰｲｯ｣･ｳ ﾷ ｳ･ｳｾｾ＠ These 
conaide'rations also form the basis of the processes and phenotnena discussed 
in clu\pte rs /* · and 5 .. 
• .. - - • I : .' •• • • • Ｌｾ＠ ,' 
·,+' 
ＬｾＮ＠ - . . 
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1.5.1 The Fabrication Proce$s 
The process is cominenced by the selection, shap:i.ng ｡ｾ､＠ e:tchirag 
ｾ＠ ..... :'·.: .. 
of a sui table ing.ot . of p ·type gernianiuin.. One· face of the ingot is then · 
fithium diffused at 38q°C ＮＨｯｾ＠ approximat.ely 20 minutes. · 'I'he · ｾ･ｴｵｲｮ＠ of 
the ｾｲｹｳｴｾｬ Ｍ to room tQnlperature- ｲｾｳｵｬ＠ ts in a supersaturated lith,ium r1ch 
n type ,\ayer diffused approximately 0.5 - 1 mm deel'• · 'fhe · ｡ｲ｟Ｌｰｬｩ｣｡ｴｩＭｾｮ＠ of 
a ｲ･ｶ･ｲｾ･＠ bias to the newly for_med ｰＭｾ＠ junction .causes the highly mobile · 
lithium Ｎｩｯｾ ﾷ ｳ＠ to drift. into ｴｾ･＠ ｣ｲｹｳｴ｡ｬｾ＠ ｔｾｩｳ＠ ｰｲｯｾ･ｳ ﾷ ｳ＠ ·is such Ｈｾ･ＩＮｬ＠ 196o) · 
th.at · the -lithium ions fornt a ｳｰｾｴｩ｡ｬ＠ distribution, according to tlie prevail-
ｬｩｾ Ｎ ｧ ﾷ＠ electric· fielti, to autotn&tically compensate for ·the ､ｩＭ｡ｴｲｩ｢ｵｴｾｱ｟ｮ＠ of 
' . 
· ｮ｣｣･ｾｴｯｲ＠ sites. The ·germanium, usunlly boron doped for ､ｩｩｦｾｩｮｧ ｟ ｾｵｲｰｯｳ･ｳＬ＠
is ｮｯｾ＠ only con1pensated for· the p type boron s:ltes,. but ahy other .. nett 
ｶｯｲｩｴ｜ｴｩｾｮｳ＠ .in ｡ｾｾ｣ ﾷ ･ｰｴｯｲ＠ ､＼ｾｮｳｩ＠ ty throughout ·the .crystal. 
0 . 
'.l'he · temperature during dri.f't is usunlly of t}:\e order of 30 G· 
As the .drift depth incre;.,aes, the t"everse ｬｾｩ｡｡Ｎ＠ lea.lta.ge ｣ｵｲＱＬ［･ｮｾ＠ also increases. 
This is due to the overall increase ot' l;mlk ｧ･ｮ･ｲ｡ｴｾ､＠ current . ·and is i .ndi-
cative (Ell.is 1968) of the drift progress. 1'he bulk gene:rated ｣ｵｲｲｾｮｴ ﾷ Ｎ＠
distortE; the ｬｩｴｨｾｵｭ＠ .. compensation (Lauber 1.969) :i.n the following ｭ｡ｮｮ･ｲｾ＠
Fi'g·.· t.5a shows the ｧｾ｡ｴ･ｲ｡ｴ･､＠ charge flow in the drifted region 
under reverse bias. Fig. 1.5b shows the resulting space ｣ｨ｡Ｎｾｧ･＠ density. 
This results in . the distortion of· the electric field ·.from uniformity as. 
sho\'Jn ii1 ·1.-ig. ｴｾｓ｣ ﾷ＠ due to therntally genernt'ed hul.lt ｣ｵＱＢｲ･ｮｴｳｾ＠ This distor-
. ' . . . 
tio_n generf,\tes the di.storted lithium pr·o:file of Fig. ＱｾＵ､Ｎ＠ The do·tt·ed 
lovol represents thnt expected with perfect aecet.>tor conlpe.nr:u.\tion in the 
dri ftod roo.i<m. If t.hls detector it!J now coolod for use, the performati.Cf;., . 
will b6 poor due to poor electric fields n"4 excess ｴｲｾｰｰｩｮｧ＠ in the ｰｯｯｾｬＱ＠
､･ｰｾｾｴ･､＠ regions. 'l'his . may· be remerl .ied ·by dr.iftino Ｎ ｾｨ･＠ dc:,tector after the 
main ､ｾＭｩｦｴ＠ at a lower ｴ･ｭｰ･ｲ｡ｴｵｲｾ＠ \\'here the Ｌ ｢ｵｬｾ＼Ｚ＠ cu1·rerit is . nauch ·reduced 
and there is still sufficient lithium ｮＬｴｯ｢ｩｬｩｾｹ＠ for ･ｦｾ･Ｍ｣ｴｩｶ･＠ compensation. 
· o · · o . . The .drift is sustained for about four days. at about p C to .;..to C and at as 
' ' 
high a reverse bias as possible. This results in the lithium distribution 
being levelled to the ｾ､･｡ｬ＠ .dott(\!d ｬｩｮｾ ﾷ＠ .profile of Figo 1o5d. 
The detector is nol'l mountc;!d in a vacuum cryostat where it is 
usual to perform a further short cold drift in order to outgas the intrinsic: _ 
surfaces as well as to contplete the . compensation process. The detector 
should ba l"eady for use after cooling to liquid nitrogen temperatures. 
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·1 • .5 .2 The_ ﾷＮ ｾＺｮｶｩｲｯｮｭ･ｮｴ｡ｬ＠ ·Rew.drements and Characteristic.! 
The detector ·must be cooled for two ｲ･｡ｳｯｮｳｾ＠ The first is due 
to the ｬ｡ｾｧ･＠ ｬ･｡ｫ｡ｧｾ＠ current at room ｾ･ｭｰ･ｲ｡ｴｵｲ･＠ 1 ﾷ､ｾ｡ Ｎ ｴｲｯｾｩｮｧ＠ at'ly hi_gh 
resoluti_(?n . potential. The . ｳ･｣ｯｾ､＠ i's ｾｵ･ ｟＠ to ｴｨｾ＠ hi.g'h .li thitim . motiil:i.:t;y at 
The p-i-n structure is not · preserved (Webb 1968) arid 
. . .. ' 
any tilDe . the .detector·_ spends unbiased ·at room ﾷ ｴ･ｭｰ･ｾ｣ｴｴｵｲ･＠ ｲ･ｾｵｾ＠ ts in degra-
da_tion·' of ｾ･ｴ･｣ｴｯｲ＠ quality and ｾｯｳｳ＠ of lithium through ,precipitation. pheno-
Ｎ ｭ･ｮ｡ｾ＠ The detector must always be stored and us.ed below -6o°C. This is 
._ .. · 
eonvenient'ly effected. with a vacuum ct·yos·-tat wfth a thin entry ｷｩｮｾｯｷ＠ for 
ｭｩ ｟ ｮｩｾｵｭ Ｎ＠ gamma ray absorption. 
Several · workers have investigated the choice o£ worldng tempet-ature 
for the Go(Li) ､ｾｴ･｣ｴｯｲＮ＠ El-Shinshir1:i. and Zobel (1966) ' have n1easured · per-
. 0 ' i'ormance cha11ge.s down· to 77 K while Sflkai and ｾｬ｡ｬｭ＠ ( 1967) and ｾｅｬ｡､＠ and 
temperntures are not suitable due to the cost of ntaintaining 'heliu_m cryoatats 
and ｴｨｾ＠ t)resence of a slow risin.g charge collection ｣ ｟ ｯｭｰｾｮ･ｮｴ＠ below 20°K. 
The opti.n\uni teniperature has been found to be near that of l:i.quid nl trogen 
(Nartin, Ｎ ｾＱ｣ｍ｡ｴｬｩ＠ ·and.- FOlder 1970) and :for convenience, ·l.i'quici ni.trogen ·-ts 
il:tvariably ·used .•. 
}t-or the optimum performance, the detector capacity and ｬ･ｾｴ｡ｧ･＠
current-must be as small as ｰｯｳｳｩ｢ｬ･ｾ＠ In ｴｨｾｳ＠ way the preamplifier noise . 
is minimised. The capacity is a function of the fabrication technique, the 
l:o\-ter capacity ｩｮ､ｩ｣｡ｴｩｾｧ＠ the ·b.etter qut:\lity detector. The better qttali.ty 
detoctol"S \1/i.ll al·ao have lower bull(. leakage. Howevet•., surface currents ｾＮｲ･＠ ' 
nlt)o cri.tict\1 ｴＬｾｮ､ Ｎ＠ to d&te, ｴｨｾｹ＠ l,_l"o brc.uJt ｭｩｮｩｲｩｴｾｳｯ､＠ by ｫｅｬＨＮＩｰｾ Ｎ ｮｯ＠ ｴｨｲｾ＠ intrinsic 
surfacaa ｡ｸｰｯｳｾ､＠ only to vacuum. . Ootoctora . ｴｹｰｩ｣｡ｬＡｾ＠ ｡ｶｯＮｩｬｃＺｾＮ｢ｬｾＡｾ＠ ｦｲｯｾｮ＠ the 
major mnrmfacturers opa.ratt'l tlt reverse bins vol tnges aa h.ioh ua 3500 voi ts · 
at lealtage currei1ts - of 0.1 to 1.0 nA. It is thus ･ｶＮｩｬｨＮｾｮｴ＠ that the -operating 
conditions of the detector can only be sustained ·bY ｡ｴＺｾＭ ultra clean v:acuufr! · 
•, 
environment in the cryostat, maintained pel"manently at liquid ｮＺｩＮｴｲｯｧ･ｾ＠
ｴｾｭｰ･ｲ｡ｴｵｲ･Ｎ＠
,. 
,, 
. . . ｾ ＮＮ＠ ' 
., . 
\ ｾ＠ . . ' . ' ' 
!' .· '. ·. 
•• ｴｾ＠
ｾ＠ t .-. ' 
C_h 2ter'. 2 .. _ 
CryostntiJ t'or Ge !Li) _Detector-a 
·Tiie cryostat requirements deduced from section 1.5.2 are:-
1) Scrupulously cl.ean internal cryostat walls inside the 
: ' -6 
·cryostat and a vacuum bett·er than 10 torr .•. 
2) Efficient cooling. with·minimum heat loss. 
｡ｮ､ ﾷ ｦｲｾｭ＠ ｳｾ｣ｴｩｯｮ＠ ＱｾＳＮＱｴＭ
3) . Thin entry ｾｩｮ､ｯｷ＠ and a. minimum o! bulle. materials 
. . . 
n•lttr the detecto1 .. to reduce unwant.ed scatter 
contribution in the gamma ray spectrum. 
The first two requirements a;re essential for maintenance of crystal con-
dition, ｷｨｾｬ･＠ the third is to obtain optimum spectral response. It is 
ｦｬＮｩｓｾ＠ iniportant t·o provide sufficient electrical feedthroughs for the use 
of n test. ·pul,se and th0rmocouple for .temperature ｮｾ･｡ｳｵｲ･ｭ･ｮｴ ﾷ＠ in addi'tion 
to the slgnal output. 
· Cryostats fnll into two eateg.ories," those that cool the · ､･ｴ･ｾｴｯｲ＠
by a dripfed supply of liquid nitrogen and those that cool via a copper 
conduction t-od (dipsticl<.: ｣ｲｹｾｳｴ｡ｴＩ＠ inserted into · a dewar of liquid nitrogen. 
This chapter :is ､･ｳ｣ｲｩｰｾｩｶ･ Ｎ ｯｦ Ｎ ｴｨ･＠ cryostats used and the ｰｲ･｣｡ｵｴｩｾｮｳ＠ taken 
to obiadn optimum perfornuu1<?e. 
2.2 ＡｬＡＧＡＧｩＮ｣ ｾ＠ .. ｾｯｾｳｴｲｵ｣ｴｩｯｮ｡ｬ＠ Requirements 
\Vhere possible, all cr.yostat .materials should be of' atainle$S 
stee.l ·{with the possible exception of :tbe ｡ｬｵｭｩｮｩｵｾ＠ ｾｮ､＠ cap) due to its 
potential ｣ｬ･｡ｾｬｩｮ･ｳｳ＠ and ｯｵｴｧｾｳｳｩｮｧ＠ properties. All jo.ints should be 
argon arc ｜ｴｾ･ｬ､･､Ｎ＠ The use of rubper •o• ｲｩｮｧｾ＠ is avoided with the possible 
exception (lf that of the end cap. For an ･ｾｦ･｣ｴｩｶ･＠ performance to be . 
maintained ﾷｾｨ･＠ cryostat is internally scoured, leak tested· and baked to at 
least 2oo0 c. 
It is ｡､ｶｾｴ｡ｧ･ｯｵｳ＠ to nickel plate the copper or aluminium cold 
finger of the cryostat to reduce heat loss and reduce surface outgassing. 
1ror effective evacuation, the pumping port should be at least 
1 .. 5 ems diametero lf an ion pump is fitted, care should · be taken in its 
Electrical F'eecl-
throughs in 
_;Screened Do.x 
Cooling and 
ｾ＠ - .. , ＺＭ ｾ ［ ［ﾷﾷ＠ :. ""'' -- '.:;· 
'' 
Ｍｾ ﾷ ﾷ＠ ... 
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Fig. 2.1 I . 
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J>oaiti()nino .. · ｬＡ｡ｬＺ｢ｾ＠ ( t969) htU:l po!rited out thnt in ｣･ｾ ｟ ｴ｡ｩｲ｡＠ condition_a 
( usunlly whon p1.:uuplno out a cryostat after a ､･ｴｴ ｾ ｣ｴｯｲ＠ mounting) ti t .flriium 
iol'lEJ ｾ｡ｹ＠ oscape and· be deposited on .the ' crystal. 'fhis e:f.:fect is ･ｮｨ｡ｮ｣ｾｾ､＠
if the· pump and -detector are in direct line and ｯｰ･ｲｾｴ･＠ at ·opposite. ｾｏｾｦＩｮﾭ
tiala·. .Iiidley ( .1.969) · hi\1!; reduced this. problem uai;ng a wire--- grid ove_r · tf:le 
ion punap · outlet port, and by changes itt .the evacutltion and cooling ·procedure. 
2. 3 · ｔｨｾ＠ Dl'" i ｐＮＺＡＡｾ｟｣ＡＮＮＬＮＮＮｃｲｴＮｯ Ｎ ｳ＠ tat. 
'l'he constructional' princii?les o:utlined above are illustrated by 
reference t ·o several designs developed in this present worko 
used. 
Figo 2.1 shO\\IS the gerleral layout. of 'the vertical ､ｲｩｾｦ･･｣ｩ＠ cryostat 
Liquid nitrogen fi-lls the detector supply tube (termed co.ld Ｎ ｦｩｾｧ･ Ｎ ｲＩ＠
to the bottom ｾｦ＠ the ｲｾｾｾｯｩｲ＠ supply .tube. 'This level is mainta.inE!d auto-
maticully by an excess pressure between the resenroir nnd ' detector supply 
tubes. Heat loss, by conduction, is minimised by using 0.15 nun wall stain-
less steel ｴｵｾ Ｍ ｾ＠ ｾ Ｎ ｩ＠ th internally ｰｯ ﾷ ｬｾｳｨ･､＠ ·surfaces. A re1\lovable end cap with 
· rubber '0' ﾷ ｾﾷ Ｚ ｬｮｯ＠ ｡ｴｾｮｬ＠ facilitates t.he· ntountir•g 'of' the detector. This ·end 
cap (of sta.i.nler:Hll steal) hnr.:i a thin e11t-r•y ·window: ｾ＾ｦ＠ 0.5 mm thick bereli..ium 
let into ita end tace. 
Ｇｴｨ･ｾ＠ ｣ｲｹｯｾｴｮｴ＠ ,..,as subsequently tnodlfiod to tdlo\<1 ｴｨ･Ｚｾ＠ deto.ctor to 
be. inaerted lnt.o an anticoincidanc.e shield . (li':tg. )Q ｾ［ＩＮ＠ ｆｾｩｧＮ＠ 2o2 shows ·· the 
stainless steel end cap replaced with an ･ｸｴ･ｲＱ､ｾ､＠ tilurninium end cap. The 
cold f:lnger is also extended \dth an aluminium ponduction rod. ｔｾ･＠ nitrogen 
｢ｵ｢｢ｾｩｮｧ＠ is . no longer near the ct"'ystal and .he11ce mic:rophony is redueed. · 
'fhe vertical dt"ipfeed cryostat may be . ｡､｡ｰｴ･ｾ＠ ·to ppsi tJ.on ·. a 
detector horizontally. Fig. 2. _3 shows the sys·tem adopted ｜ﾷｬｨＺｩＮ｣ｾｨ＠ is r(l()di fied 
The nitrogen supply tube .is ex-
ｾ･ｮ＼ｩ･､＠ sideways 'd th a copper rod and terminated in aluminium to 1"educe 
bnc::ltscatter. Nicrophony 11 introduced by tli t1·ogen bubbling is at a min-imum. 
Fig. ＲＮＱＺｾｾ＠ shows the cryosta.t after the mounting o:f a. detector (Fi,g., lt.14 a,b) 
during a cold drift op(n·ution .• Fig., . 2.5 showa the complete system. asaentbled 
\'lith preamplifier and li.q.uid nitro.gen dewar after the detector had been 
Ｎ ｣ｯｯｬ･､ｾ＠
'£his cryostat ｳｩｭｩｾ｡ｲｬｹ ｟＠ incorporates an aluminium end cap, but 
with the end \'!all thickness thinned to 0.5 mm as a thin entry ldndcn¥". In 
this case, an indium ,.,ire vacuum seal was used for the end cap. However, 
ｴｨｾ＠ detector mounting technique must be both r-apid and effective and·the 
27 
Fig 2.4 
Photog;aph of Dripfeed Cryosta 
of a Newly Mounted 
the Col 
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｝ ｾｧ＠ 2.5 
Photograph of the Completed System with a Liquid Nitrogen 
ewar Attached and the Preamplifie Connected 
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･ｳｴｾｾｬｩｳｨｾｮｯ＠ of. the :tndi-unt seal WafJ found to ba' c.lumFJY ·and ··a rapid -
. ev._licuntion was. soldon1 achie-ved. For tl,is renson Vi ton '0' r:lnga ·are 
ｧｾｮ･ｲｬＮ｜＠ 11 y preferred in the end cap seal. • . 
2. 4r .. J'he Difs.tick Cryostat 
.. ,· . 
·s.: 
This cryostat was des.ig_ned along similt\l;" ·liJ'}ea . to that ｯｦ ﾷ ｾ ｂｴｩｨｬｾｲ＠
..... 
and ｍｴ｜ｬｾ Ｎ ｣ｵｳ＠ ( 1967). Fig • . ｾＭＮＶ＠ shows t.\ secticme'd ·mide' ｾｬ･ｶ｡ｴｩｯｮ＠ oi ｴｨｾ＠ ·. 
cryostat·. 'l'wo: pumping: ｦ｡ｾｦｾｴｴｩｯｳ＠ .at"e nvaiiabie, ｮｾｩｾ･ｩｾ＠ tha,t Ｍ ｾＪＧ Ｍ Ｎ＠ ｾｮ Ｚ＠ ｩ Ｎ ｯｾ＠
pUnt}) t · .u:nd molecu.lar. sieve introduced betweerl the outer ｃｇｂＮｾ＠ lll'ld Cold ｦｩｮｾ･ｲＮ＠
1\tl ･ｸｴ･ｾｾｩｯｮ＠ ｲｯｾ＠ is ._avidlable to allow the cryostat · ｴｾ＠ be ·t.tsed · \dth 10 or 
ｬｾＧｩｧＮ＠ :2 .. 7 Ｍ ｾ｢ｯ Ｎ ｷｳ＠ Ｎ ｴｾ･＠ cryostat 111 normai use in a as ·· litre 
2.5. ｾ＠ .. ｵｾＮｭＮ＠ ｾｕＬＡＡｬｅｩｮｧ＠
, . "I 
. ·' 1 
·.·'I 
:': 
' ｾ＠ ｾ Ｍ
<·. " 1'he pumping of cryos:tats -is ｳ･ｰｾｲ｡ｴ･､＠ into t-he ｦｯｬｬｯｷｩｾｧ Ｍ pategories. ·" 
. . 
2.5. i Rough· Pilm.P.inn.. 
Since the ｣ｾ＠ .. ystal surfaces ｡ｲｾ＠ highly susceptible to tmy contami• 
natior1, it :i.a · c,.u;sent .. ial to use ｾ｡Ｇｩ＠ uli;ra clean ·pumpi_ng system. Noleeular 
ｓＨＩＬｲＭｰｾｩｯｮ＠ pumpt:-J inhereni;ly ｦｵｬｾｩｩ＠ this roqu.trement. 'l1h0y have the dii3.;.. 
. ' . 
udvtlntnge ho\tOVt')r, that the ｰｵ ｟ ｮｾｰ＠ can ｲ･ｮ､ｾｬｹ＠ saturate -·if ｴＺｊｾｖＨＧｲ｡ｬ＠ evacuations 
; ;f'ron1 atmosphere nre reqtii ｬｾ･､Ｎ＠
.. ｾＮ＠ . ｾ＠ . 
A rotarr ﾷ ｾｲｩｾｾ＠ ､ｩｦｴＧｵ｡ｩｾｮ＠ puinp . ayEJtem can be 
used :for ii·d ｴｩｬＮ｜ｾ Ｎ＠ pu1nping provided tiiat ,an effective cold trap·,..ia ineorporated_.-
In this. instance a sorption pump Ｇｾｬｬｓ＠ used not only for · ｣ｬｾ｡ｮｬｩｮ･ｳ｡＠
·but fol .. simplicity in use, and its ·independence from mains ｰｾ｜Ｇｬｾｾｲ＠ aupplieE.h 
. . . 
_1\ile sorption pump 9 when evacuating a cry®ta.t from atntOf!Jphere 9 . reduces ihe 
ｰｲ･ｳｳ ﾷ ｴｾＱｾ･＠ ｾｾ＠ ｡ｰｰｲｯｸｩｾ｡ｴ･ｬｹ＠ 5 x 10-3 torr- in about :LS nli.ntiteso This pressure 
is lol'l enough to allow ion pump_ing to commence • 
. No _ trouble w·as experienced l'fith this pump ｰｲｯｾｩ､･､ ﾷ＠ ｴｬ Ｚ ｵｾｴ＠ it . was· 
\·rell ｢｡ｬｴｯ｣ｾ＠ :Prior tQ use • 
2.5 •. 2 ｈＮｾｧｨ＠ ｶｾｾＡｬｵｭ＠ P!!mP!!:l!t 
· :):on pumps are ｰｲ･ｦ･ｲｾ･､ｾ＠ due to their cleanliness and tho compnet-
ness ｾｨｯｲｩ＠ t-;ompared with diffusion pumps. . A ｰｾｭｰｩｮｧ＠ capacity of 1 litre/sec 
is adc.:H.}Ut:\te ·and this size pump was used for all three cryostats ､ｾ ｟ ｳ｣ｵｳｳ･､Ｎ＠
The resulting pressures were usua1ly of the order 10 ... 7 tor·r, well ｾ･ｬｯｷ＠ the 
stated minimum in section 2.1. These _pumps have a limited durat:lon due to 
:50 ' 
ｆｾｩ ﾷ ｧＮ＠ 2.6 
Schematic Dingrnm of the .Vei-tical ｕｩｰｳｴｩ｣ｋＮｃｲｹｯＡＮｾＮＡＡｬ＠
with Cop..P,er ｬｾｸｴ･ｮｳｩｯｮ＠ foi" ·use in ·.Laroer Ｌ ｄｾ＠
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Fig 2,7 
Photograph of the Dipstick Q;Yostat in Normal Use 
:r. 
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ｾｨ･＠ ｬｩｮｾｩｴ･､＠ ｱｵ｡ｮｾｩｴｹ＠ .of titanium available on the P':llllP electrodeso 
ｾｻｯｷ･ｶ･ｲＬ＠ at 10-?· torr, .this life is cons:[dered lr1definite. : At higlier 
pressures the iite becomes liani ted due to .rap-id use of ti tnnium. Hence 
Ollrly pump fil·ifure is caused by the presence of leaks ,or <:onsiderable out-
gaf.JsJ.ng. Care n1uat be taken where a cryostat is cycled to room temperature 
many times, .to prevent· ｾｨ･＠ ·iqn pump ｦｾｯｾ•＠ ｰｾｮＱｰｩｮｧ＠ hi.gh ｰｲ･ｳＺ［ｩｵｲ･ｾ＠ (> 10-11 torr) 
for long per·iods of time. 'l'he problem of · titanium sputt<1ring ､･｡｣ｲｾ｢･､＠ in 
section ＲｾＲ＠ is rarely observed with new pumps but is quite c:;ommon "1ith older 
ones which have been mal treated in the man11er deacr:ibedo '1'he Ｎ ｯｬｾｅＩｲ＠ ｰｵｾＱｰ＠
electrodes a,re . near saturation, and absorbed gas atld . ｴｩｴ｡ｮｾｵｮｴ＠ are very easily . 
ejected from their surfaces wlu1n fresh ions hit the electrode stirfaces. 
'l'he above· condi ticn ciu1 lead to outgassing from the ･ｬ･｣ｴｲｯ､ｾｳ＠
son1etimes at a rate greater . than the pumping speed of the ｾｵｭｰ＠ causing a 
rise in ｰｲ･ｳｾｵｲ･Ｎ＠ In particular, this can happen through accumula:tions of 
aroon in the system, bu:i.lt up over t\ period of time (i\to to difficulty in 
. pwupiitg this gas. The pret.ilsure rise subsequet1tly_. reaul t!.t J.n E.ln osci ｬＮｾ｡ ﾷ ｴＮｩｮｧ＠
ct.irrent ii"l the pu111p. Fig. Ｒｾｂ＠ shows t\ trrtce recordirin ·from one of .the 
pumps · ｾｮ＠ thi:.l ｬ｡ｬ＾ｯｲ｡ｴｯｬｾｙＮ＠ in this condition (termed argon inatnbi li ty). 
The· pt·essure ·oscillates between 5 x 10-.3 torr . ｾｯ＠ 5 x 10-5 torr, over a 
period of hours. 1'his · t>roblem is remedied . by heating the pump to 20g°C. 
and rough pumping using .the molecular sorptiC>n pump only. 
should be removed from the ion pump in this way. 
t-1ost gases · 
Old pumps, in addition to this instabili't.y., can build' up deposita 
bet\'leen the electrodes ·causing increased current ｲ･｡｣Ｎｕｾｧｳ＠ (although the 
pressure may be quite lolt!) and even near shor·t circuit .. ｾｨｩｳ Ｎ＠ is easily 
diagnosed by ｯ｢ｳｾｲｶｩｮｧ＠ if a current is still recorded ｡ｦｴ･ｲＧｾ･ｭｯｶ｡ｬ＠ of the 
magnet .. 
.. . . · -·· .. . ' ｾ＠ .. 
It this is so then the ｦｯｩｩｯＬｾｩｮｧ＠ steps may be taketH-
The deposits snay be dislodged by sharp t ·apping on the · 
pump body lfith a ·\'/ood bloclc..- 'fhe cur'rent ｴｨｲｯｾｧｨ＠
the. pump \dll be observed to ·jt..uitp. and if . ti'le ｯｰ Ｎ ･ｲ｡ｴｾｯｮ＠
is successful, the current \!Jill rapidly fall o If 
this ls unsuccess:ful 9 a high voltage -supply, (6ooov), 
is attached across the pump (Muggleton 1969) blowing 
Jb • . 
away any ､ｾｰｯｳＱｴｳＮ＠
A final g and rather ntore . drastic ac;tion, is to remove 
the pump from the cryostat and :fill it \d th nitric 
acid for a fel1T seconds (Coles 1968) o After quench-
ing and drying with a compressed nitrogen jet the 
pump is l'"emounted • 
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Provided that the p\Unp iEJ' carefully used on a well prepared· 
cryostat. the ｡｢ｯｶｾ＠ actions should be·tmnecessary for at least several 
years. 
· 2.5.3 ｾ･｣ｵｬｾｲ＠ Sieve as ·.the Sole !'1eans of Pun_!Pitlg 
ｾｴｯｬ･｣ｵｬ｡ｲ＠ sieve has noa'le of the problems o'f i .on pumpintJ, but · is 
limited in its ultimately achievable ｰｲｾ｡ｳｵｲ･＠ (V\10 ... .'3 torr). This pressure 
is · a function of cryostat cletmliness . and the state of' saturation of . the 
sieve. 
The vert.ical dipstick ·cr·yostat . (section 2o 4) ':'as des'igned in:i:. tially 
for use with the molecular ｳｩ･ｶ･ｾ＠ Measurements on the ﾷｯ｢ｴ｡ｩｮ｡｢ｬｾ＠ pressures 
sho\fecl ··that it is essential to perform a rough evacuation before cooling the 
cryostat t.o . maintain the sieve ir1 as good a condition as possible. For 
protection of' crystal surfaces at 10 ... 5 torr it is advisable to use ･ｮ｣ｾｰｾ＠
sulation, or ,inner shielding . round the crystal" The absence of . an ion 
pump results in a neat and portable cryostat ｡ｳｳ･ｭｾＺｩｬｹＮ＠
Problema are ei'lcountereQ ·if ·the sieve becomes satura:t'ed.,_. ·acceler-
ated . by :Iealta and outgassing. . 'fhe . reaul t is· a . sudden ｶ｡｣ｾｵｭＮ＠ failure orice 
saturation is reached and when the cryost'at returns t'o roon1 temperature, · 
premsures above ntmosiJheric cm1 result with. the J:>osaibi li ty of explosion. 
Thus the design should embody a P.ressure release valve. In ｳｹｾｴ･ｭｳ＠
required for lo\'1 energy measurements the thin De end window may act as the 
blow out' valve. 
2.5.1• ｅｭ･ｾ＠ .. aenciy..:., .rower Supplies . 
The use of ion pumps ｮ･｣･ｾｳｩ＠ tates the con.tinual supply of ｾｩｮｳ＠
power. Power failure may result · in a Qryostat pressure rise \·thich can 
cause a deterioration of the crystal surfaces well before the loss of 
therinnl insulation properties becomes ai,gnificant. 'fhis problem is . 
avoided ·by the use of an auxiliary ｰｯｬ＼ｾ･ｲ＠ 1;1upply ｵｮｩｴｾ＠ . Mains power ｦ｡ｩｬｾ･＠
ｴｾ｡Ｎｵｳ･ｳ＠ .a relay to switch the ion pump supplies to the ｬｩｧｨｴｩｾｧ＠ ·circuit, 
ｴｨｩｾ＠ being a differen-t supply fo_r these laboratories. Should both circuits 
fail, then tll second relay operates a n.c. to A.C. rotary. convet-tor, driven 
by a heavy duty 12 volt battery. lVhen the battery is .charged, the unit is 
capable of' ten hours supply at 250 ,.,atts. .'this is sufficient for ntost 
power f'ailur.es. A battery charger is incorporated in the system. This 
unit has proved its worth on several occat?ions. 
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ｔｨｩｳ Ｍ ｡ｵｾｩｩｩ｡ｲｹ＠ power ｳｵｰｾｬｹ＠ ｾｳ＠ also ｵｳ･ｦｾｬ＠ wheri transportation 
of cryostat assemblies is attempted • .. 
lt is ·rienernlly accepted that ｾｨ･＠ ｵｮｾｶｯｩ､ｲｩ｢ｬ･＠ use of n ｣ｲｹｯｾｴｮｴ＠
is a' significant limitC\.tion for ｾ･ｶ･ｲ｡ｬ＠ aspects in the use of semiconductor 
However, modern cryostat design haa improved flexibility such 
that . i•t many respects, this no longer ｲ･ｰｲ･ｳ･ｾｩｾ＠ a serious. limitation. 
The first improvements in .cryostat a Ｇｾ･ｲ｡＠ .ones of mainte11ance, in 
. . 
that 'pumps could be changed without a brealt in the vacuum. Turcotte and 
Moore (1969) ｢ｾｶ･＠ developed systems in which the molecular sieve can also 
be. changed in this ·manner• 
\villiamson and Alster ( 1969) appreciated. 'the value of small com-
pact cryostats . ｾｮ＠ lind ted access ｾｲ･ｾｳ＠ ｾ｡Ｚｴ､＠ · ｾＤｹ･ｬｯｰ･､＠ · a · miniature cryost·at. 
. .. 
ｎｵ｣ｬ･ｾｲ＠ Diodes · Inc • have developed systems sui t 'abla for insertion ｩｮｾｯ＠ bore 
holes, · whiie l'rlnceto\fll Gamma Tech, I<evex, .Nuclear ｅｮｴ･ ﾷ ｲｰｾｩｈ･ｳ＠ and · Quartz 
et Si 1 ice have developed sntnll ｳｹｳｾ･ｮｾｳ＠ .. ｳｾ Ｎ ｩ＠ table for use ﾷ ｾｩｴ＠ h. ･ｬ･｣ｴｲｾｮ＠ micro-
scopes. Meye.r· and Hei11z ( 1970) have investigated the use <>f encapsulated 
､･ｴ･｣ｴｯｲ ﾷ ｾ Ｌ＠ immersed directly in liquid ni trogeno 
The problems of ease ·of detector posi ｴｩｯｮｩｮｾｊ＠ have also been improved 
by Ni tche ( 1969) who htlS developed a de1nountable . system · capable of· ｴｩｾ Ｎ ･＠ as a 
dripfee.d· or :dips ｴｩ･ｬｾ＠ system without ｣ｩｩｳ Ｎ ｴｵｲ｢ｩｾｧ＠ Ｎ ｾｨ･＠ ｣ｲｹｾＮｴ｡ｬＮ＠ Franlte ( 19_69) 
has ·btd.l t a ｦｬ･ｾｾ｢ｬ･＠ arm - ｣ｲｹｾｳｴ｡ｴ＠ made;:, ｦｾｯｴｩｴ＠ ｡ｾｭｯｵｲ･､＠ hose that is capable of 
a wide range of ｰｯｳｾｴｩｯｮｳ＠ • .. .'- The ｮｩｾｳｴ Ｎ ｶ･ｲｳ｡ｴｦｩ･＠ ､･ｳｩｾｮ＠ hafi: bee1:1 developed by 
Harshaw Inc. that allows the detector. to be· poi.nted in any dil'"e.ction. 1\he 
filling tubes ·of the rE?Se.rvoir. ｡ｲｾ＠ ｾＰ＠ ｡ｲｲｾｧ･､＠ that no SJ.)illnge Of nitrogen 
occurs during tilting. This. cryostat is a combination of dr:i.pfeed and 
' ' ·· -1 .("-: 
·rhe l"'igorous demands of cryoatctt c9ndi ｴｩｯｮＱｾ＠ and: pump operation can 
be relaxed if the ､ｾｴｾ｣ｴｯｲ＠ is satisfacto.rily ･ｮ｣｡ｰｳｵｬｾｴ･､＠ (Gibbons• ｈｯｾ･ｳ＠
｡ｮｾ＠ Pyrah 1966)_. ｆｯ｜ｾｲｬ･ｲ＠ and .Toone ( 196'1*) ｩｾｩｴｩ Ｎ ｡ｬｬｹ＠ investigated the us.e 
of encapsulation, arid i11 1965, ｾｴ｡｢Ｌ＠ Hencl<, Siffe-!'t. and Coche produced a 
satisfactory system ldth minimal system ､･ｧ ｟ ｾ｡､｡ｴｩｯＱＱ＠ attributable to the . 
encapsulation. ｜ ﾷ ｬｾ｢｢Ｌ＠ Green, ｬｾＧｯｷｬ･ｲ＠ and ·Malnl ( 1966) also developed a ｳｾｴｩｳＭ
ｦｾ｣ｾ Ｎ ｯｲｹ＠ technique for .encapsulation. ｈｯｷ･ｶ･ｾＬ＠ the ｴｾ｣ｨｮｩｱｵ Ｎ ･＠ has not met · 
.. 
extensive use as the problems . with ｾｲｹｳｴ｡ Ｎ ｬ＠ sur-fac·es ar·e now better under-
ｾ＠ . ｾ＠ . 
stood and the te(:hniques of inter11al ｣ｲｹｯｳ ｟ ｴ｡ｾ＠ design and preparation have 
been wall developed. 
' ' · .',:;: •• ..... • • • ' · ｾｴ＠ ' 
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Chapter ·3 
'!'he Electronic Pulse Analx.sis ｓｹｳｴｾ＠
3.1 Introduction 
A largo amount of ｲ･ｾ･｡ｲ｣ｨ＠ arid development ' on nuclear ｰｵｬｾ･＠
electronics has been undertaken by many workers. A ｧｯｾ､＠ appreciati9n of 
Ｚ ﾷﾷ ｾｨｩｳ＠ may be gained from .the ｢ｩ｢ｬｩｾｧｲ｡ｰｨｹ Ｎ＠ compiled 'by l-tcKenzie ( 1969). It 
. is.' due to. this activity that research -irl this sphere was'· not undertaken. 
In ad-clition, commercial units are available frorn which a high .Performance 
pulse analysis .system :may be constructed. 
ａ Ｎ ｫｮｯｷｬ･､ｧｾ＠ of ｾｨ･＠ most important aspects of pulse analysis 
ｾ Ｎｳｹｳｴ･ｭｳ＠ is ga:ined :6:-o;n ·r>earnaleyand ｎｯｲｴｨｲｾｰ＠ (1966), Chase (1967) and 
Siegbaht1 ( 1966). Fairstein (1965, 1966) has published an instructive set 
of . .Papers on pulse amplifiers. Nore recent ､･ｶ･ｬｯｰｭｾｮｴｳ＠ are considered by 
Benoit and Bertolini ( 1968) and another ,good source is t 'he IEEE Tl"ansactions 
<>n Nucleal"' ｓ｣ｩ･ｮ｣ｾＮ＠
This chapter is descriptive pf the spectrometer and the units · · 
used·· in its construction. 
are ｡ｬ｡ｾ＠ ｣ｯｮ｡ｩ､･ｾ･､Ｎ＠
The precautions talten to OJJt.imise performance 
ｄｾ｟ｐ･ｮ､ｩｮｧ＠ upon the ·-.particular experiment u11der consideratiorl, 
several ｣ｯｵｮｴｾｮｧ＠ configurations, such as coincidence and anticoincidence 
arrangements are availableo Only .those used experimentally during this 
t·IOl'k are conside+ed hereo t£he spectrometer may be simply represented by 
the block diagra.tn of Figo 3o 1. It is split into four- fundatnetltal bloclts, 
these being the detector (or detectors if this represents a coincidence 
spectrolneter), the pulse amplifying system, the pulse height analyser and 
the dn·tn processing nnd output facility. 
studies. 
The counting configurations used are no\1' discussedo 
Singles counting \ras the . most· commonly used mode in· these 
Fig. 3o2 shows a scherna:tic diagram of the spectrometer used. 
Charge pulses are collected from the detector 9 fed to a ｣ｾ｡ｲｧ･＠ sensitive 
ｐｲｾ｡ｭｰｬｩﾣｩ･ｲＬ＠ (Orte<:: '118A or NE; 5287), .and ar.e convel:"ted to voltage pulses 
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Fig. 3.1 
F-unctional Diagram of a Ge (Li} Spectrometer 
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WhOSO . ｨｾｩＭｧｨｴｬＺＧｬ＠ tll'O proportionltl to the cha,rge 'collected from the detector. 
The detector reverse b.ifJ.a is supplied fron1 an H. Ｇｦｾ＠ unit, Ｈｎｩｾ＠ 5:321) 11 via 
the ｰｲ･｡ｮｴｰｬｩｦＧｾ･ｲＮ＠ The preamplifier is A.C. coupled t.o · the detector, with 
the H,'l'. ｢･ｩｮｾ＠ applied·via 'the signal lead. To .prevent damage to ·the sen-
sitive input stage of the preamplifier, . due to ｈＮｔｾ＠ ｴｲ｡ｮｳｩｾｮｴ｡Ｌ＠ the bias is 
ｾ＠ . 
applied via a large RC time constant (88 · secondFJ). 
ｏｕｴｰｾｴ＠ pulses froni the preamplifier are fed to a main amplifier 
(NE 5259 )' which uses inteQrating and differentiating ｮ･ｴｷｯｾﾷｫｳ＠ to shape the · 
pulses. This optimises .the signal to noise ratio by r•eatrict:i.ng tho band 
width of the amplifier :to allow only 'those frequencies r•elevant to the pulse. 
l:f only a limited portion of the ener·gy a}lect-rum. ia. of' interest, 
tl1is is .'selected and expanded using a b:lasaed ait.Jplifier · (NE 5261A). 
A digital gain stabilizer. (see Fig• 3.2) is incorporated (S.E.s. 
ｓｴ｡｢ｾｭ｡ｴ＠ G10l) ﾷ ｾｴｩ｣ｨ ﾷ＠ operates when. coupled with the pulse height ｡ｮ｡ｬｾｳｾｲＮ＠
'l'he stab:t t:rser -depei'ids upon the measurement of a . ｳｴ｡ｮ､ｾｲ､ ﾷ＠ input pulse, 
ｳｵｰｰｬｾ･ｾ＠ ei the'r by a ga_mma . ray source or pulae ,generator., and ·adjusts the 
system gain ｡｣｣ｯｾ､ｩｮｧｬｹ＠ to account for· dri.f't. The· pulser (Ox:-tec 2Ql.t) is 
used J:or calibration and noise measurements of the spectrometer. 
Tho pulses from the main amplifier are sorted ｾｮｴｯ＠ ·channels rer,re-
senting dift•t:)rent heights (and hence e11ergy) by the pulse height analyser. 
'rhis information is stored in a magnetic core memory in the analyser, whieh 
is read to give a visual -display on ·the oscilloscope screen, or printed 
('using Addo printer), plotted (using ｈｯｮ･ｹｷ･ｾｬ＠ chart recorder), or ｰｵｮ｣ｨｾ､＠
out (using Tally punch), via a conunand chassis for data processing. 
3.2.2 ·£9incidence Counting 
Several sophisticated co_incidence . configurations are avaiiable 
that have resolving times of the oi"der of nano seconds (fJigneret, Samuel:l 
an(! Sarazin 1966, Miehe, Ostertag and Coche 1966 and Brandenberger 1969). 
Ho\'lever, this degree of timing resolution ｜ｾ｡ｳ＠ not necessa.ry for the. present· 
expel .. intent .in mind (section 7 .·:;). Figa 3•3 BhO\'l.B th.e experimental config-
uration adopte.d. · 1'he gumma source• being studied is placed in between two 
Ge(Li) detectors. 'fhe pulse mnplification units and H.1'. supply for each 
detector is as ·sho\m in li'ig. 3.2. Pulses frotn the twc) systems are fed 
into a dual parameter analogue to digital converter (termed ADC) incorpor-
ating a coincidence unit with a 1.0).A sec resolving. ti111e (NS 625). 1'he ·out-
put information is displayed by an NS 630 dispiay unit capable of either 
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conh)ur or ｩｵｯｭｯｴｲｩ｣ｾ＠ d:lsplay. 
to a teletype punch printer. 
The disi)lay unit nlao control a data output 
Several ｾｸｰ･ｲｩｭ･ｮｴｳ＠ were performed in the coincidence mode. 
trig• :;.:; shows the system u·sed for two germanium · detectors in c9incidence. 
Coincidence countiJtg was also p·erformed using a Nai ('Tt) scintilla·tor and a 
germntlium detector. In this instance one of the. germanium ､･ｴｦｾ｣ｴｯｲｳ＠ in 
li'ig. :;.3 ·'tas replaced by a· scintillator .and photomultiplier together with 
ｯｾ･＠ ampl.ifier (NE5259). · An Oc ｾ＠ Y coincidence experiment was also ·perfor- . 
mad using n silicon surfnce barrier· with the gertim.nitim detectoro 
coincidence ･ｸｰ･ｲｾ•ｮ･ｮｴｳＬ＠ the NS625 analyser was used. 
In all 
3.2.3 ｾｴｩｾｾｾ｣Ａｾ･ｮ｣･＠ ｃｯｾｾｩｮ｡＠
ｬｾＧ［ｩＮｧｾ Ｎ＠ 3.l,a. ShO\"S a SChematic diagram of the · arrangem'i'nt used in this 
laboratory .. When the shield is used to reduce natural . bacltground events t 
the reduction prOCGSfJ relies On tlle principle tiv.1t tlie incident particle 
depo:::dts some energy in both the shield 'and ·t .he datectorlt .. \'/hen pulses 
arrive .si_mul taneotJsly at the ｾｮ｡ｬｹ｡･ｲ＠ coi.ncidence ｵｾｬｩ＠ ta t.hay ttrG ｲ･ｪｾ｣ｴ･ ﾷ ､＠ by 
. ) the ltnalyser. \fuen Cc.mlpton ･ｶ･Ｑｾｴｳ＠ in the Ge(J .. :l) detector·· are rejected·, ｴｨｾ＠
·. Com}.>t.on scattered photon ｦｾｯｲｩＱ＠ the. detec-tor interacts in the shield and the 
. ｯＮ｜ｾＰ＠ . 
coincidence event is ｮｾＱ＠ rejectedo In both casea 7 the mode of operation 
of th.e equipment is thG same although the effect on the bach:oround continuum 
is difforento 
ncti vi ty .. 
The distinction lies in ·the different· origint? of the radio-
'l'he use of . this shield has been evaluated by Parish ( 19 .. /1) as 
part of an N.,Sc. project, t111d hence it is only very briefly described here. 
Jrigo 3o5 (a) and (b) show the Ge(Li) .detector \'l.i.thdrc.-t\'111 and 
inSek·ted into the shield.. The shield is made of 3" thiclt Naton 136 plastic 
scintillator viewed by a 7" photomultiplier'tubeo The tube output pulses 
nre amplified and fed to (;\ discriminato:ro Discriminator output ·pulses are 
directed int.o the blocltino input of' the lnteri:echniqU(!) SAl10B analyser. · 
Pulses from the Ge(Li) ､･ｴｴｾ｣ｴｯｲ＠ are processed as dat.=Jcribed 
previously, except thnt a delay unit ·is added to bring ·coincident events 
into ｯｶ･ｾＢＧｬ｡ｰｯ＠ · Fig .. 3o6 shows a general vieM of the ｾＮＮｲｨｯｬ･＠ spectrometer• 
cu-ra.nged for anticoincidence \1/o:rlc. Figo '3.7 shows a general vie't of ｴｨｾ＠
dipst:j.clc cryostat arranged in a spectrometer '"ith a 256 channel NS630 
analysero 
' I 
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) b) 
g 3.5 
Ge( ·)Detector a) Withdrawn From the Anticoincidence Shield 
b) nseDted into the Ant·coincidence ·e d 
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Fig 3.6 
General View of the Gamma Ray 
for ti-Coincidence ountipg 
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g 3.7 
!renPra v ·ew of a Gamma Ray Spectrometer Us·ng the TJipst i ck 
Cryostat w"th the 256 Channel NS 630 Analyser 
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Some · ｆ･｡ｴｴｾｲ･ｳ＠ ｃｯｭｾｩ＠ qe·red . 'in the ｑｽｩｴｩｭｩｳｾｩｯｮ Ｎ＠ ot' the ｾＡＡＲＬ＠
.· . 
AnalYsis System 
The performance o:f the pulse analysis system5 . ul3ed· in this 
. laborato.ry are ·governed by ｴｨｾ＠ following parameteriH- · 
(i)' Preamplifier noise 
ＨｾｩＩ ﾷ＠ Gain stabilisation 
(iii) ' ｃｨｯｩｴＺＺｾ＠ of the analyser and antJ>l,ifier operating ｣ｯｮ､ｩｾｩｯｮ｡Ｎ＠ :·. 
·· .. 'l'h:ls .section is descriptive of· 't-hese parameters and their ｡ｾｬｪｴＮｴｮｴｭ･ｮｴ＠ for 
· opt ｩｬｩｮＮｭｾ＠ ｰ･ｾＮｦｯｲｲｮ｡ｮ｣･＠ ｾ＠
ＳｾＳＮＱ＠ ｾｾｬｩＺｦｩ･ｲ＠ Perf'onnance 
• . ｾ＠ • • ·! • · Ｎ Ｚ ｾＧｨ･＠ ｰｲ･ｾＺｵｮｰｬｩｦｩ･ｲ＠ performance ·don,inates the overall t&oise perfor-
. .. ｾﾣｽｾｾｾｾ＠ o_( the pul-se arutlysia system Ｈｍｾｄｯｮ｡ｬ､＠ '19(1) • '£his :Ln ｾｵｲｮ＠ is · dom ... 
.. i' . 
. i11atoi:l. bY, the ｣ｮｽｬｵｾｩ＠ t ._Y and ｬ･ｲｵｾ｡ｧ･ ｟＠ currant ｰｲ･ｳ･Ｚｾｮｴ･､＠ to the ｰｲｴＩｮｊｬｬｰｬｩｦｾ･ｲ＠ . 
. i ,?P.ll:t. (Goulding '1961 ｾ＠ ﾷ ＧＱＹＶＱｾ＠ ＮＭ Ｎ ｍｯｮｴ･ｾ＠ ti1 ＱＹＶＯｾ＠ and Heath, Ｍ ｉｾｬ｡｣ｬ｣＠ u'nd Cli.ne 1966a). 
ＧｬＧｾＬｴ･＠ .. ｰｲＮ･ｾｭｰｬｩｦｩ ｟ ･ＮｲＭ is a . \oJide t:?nnd d¢vicfi used to ampl:i.·fy ·al.J. ｦｲＬｾｱｵ･ｲｩｾｩ･ｳ＠
"·' . -l • • • ' 
-'!'%-.. • • • 
Ｚﾷ ｡ｾｳｾ｣ｩ｡ｴ･ Ｎ ｴｩＧ＠ with the input chnrge pulse. Integrating and ､ｩｦｦ｣Ｎｾｲ･ｮｴｩ｡ｴｩｮｧ＠ · 
-·'iil .. ｴ ｟ ｾﾷｩﾷｳ＠ in . the main nmpiifier (NE5259) ｾｲ･＠ ｵｳｾ｣ｬ＠ to restrict ｾｨ･＠ band ｷｩ､ｴｾ＠
to ｯｰｴｩｭ Ａ ｾｳ･＠ the signal to noise ratio at the 'output. These filters are 
also ad,justed to minimise the lealtage (doai1irtl,ting ｡ｾ＠ low :frequencies) and 
. . 
capl!\city (dominating at higher. frequencies) noise contributions. . 
Fig. :;.Ba ｳｾｯＬｾｳ＠ the ·noise performan,ce o:f the NE52B7 · preaanplif:i.er 
as n function of :i.nput capaci ty• 'l'his __ Ｌｾ｡｡＠ nteaaured with ｡ｭｰｬｩｦｩｾｲ＠ time 
｣ｾｾｳｴ｡ｮｴｳ＠ of 1.0 }i sec and U$ing '£exas Instruments Dt546 ｆｬＡｾｔｳＮ＠ It is 
- ｯ｢ｳ＼ｾｲｶ･､＠ thnt the t\ddi tion pf FgTeil· in parallel. ｩｮ｣ｾ｡ｴｬｬｓｅｕｊＮ＠ the no:l.a'e at ·zero 
C,L\pe:tcJt.y input· but reduces the _Cliara.cteristic BlOJ>e. 
of 1rg•rs is decided by the de·tector capacity. 
The optimum number 
ｬｾＧｩｧ＠ o :;.8b sho\<IS the ＺＮ ｮｯｩｳｾ＠ __ parformanc·e of the NE5287 ｰｲｾ｡ｭｰｬｩｦＮｾ･ｲ＠
.. r 
as a .'function of i11put leal<rige currei1to. '!'he frequency · dependance of this 
noise sotu .. ce is ｾｨｯｷｮ＠ by the variatio:n of energy resolutiotl \·lith filter 
time constanto 
｢･ｴＧ｜Ｂｬｾ･ｾ＠ the cal?acity and leakage .P9ntributions, Figo :;.9 sho.\'fing a .. ＮＭ ｴｾｩｾ ｟ ｡ｬ＠
ｶ｡Ｎｲｩ｡ｴｾｯｬｬ＠ measured for a spectrometer o . 1'he minimum shcnm is sometimes 
shifted to a shorter filter ｴｩｮｾ･＠ constant if the ｾｲｹｯｳｴ｡ｴ＠ is :significa11tly 
ndcrophonic, since . microphony ｧｩｶ･ｾ ﾷ＠ an essentially low fre·quency noise 
contributiono 
. . .. ｾ＠ . ;; 
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Filter Time Constt!l.nts ( .jA sees) 
A gain shift of as little as O.t9b dul"ing the course of a counting 
experiment results in a resolution broadening of 1. 3 lteV for 60co. .To 
·avoid t .his spectrum. degradation, an SES Stabimat Ci101 gair1 atabil.iser was 
. . . 
Zero stabilisation devices are also commercially available but· were 
not used here ns their effects are generally small compltred with gain drift 
effects. 
'l'he stabiliser fu11ctions by locking u standard peal( (generated by 
a precisi.on pulse generator or gamma ray) or1to n .set channel in the analyser · 
spectrum. An unwanted gain change is observed by summing counts from two 
Ｂｾｊｲｩｮ､ｯｷｳ ＱＱ＠ ｾ＠ one set on ·each side of the pealt. A difference hetl'leen the sum 
counts :from each \1/indo\\r is indicative of a gain. change . in the system. This 
difference generates a signal which adjusts n servo controlled amplifier in 
: the stabil:iser unit to oppose the gain shift. 
pealt is returned to its chosen channel. 
In. this wny ｴｨ＼ｾ＠ standard 
'l'ho intensity of the standard · peak controls the count c-tccumulation· 
rate Of the two \tfiUdOWS and h.ei1ce t'hc currection IJ.bility · of the atubil:iser. 
'l.'he ldndow \ddth and position, preset cont'enta and the. content d:tfference, 
are selected by the experimenter. Care and a knowledge of counting statis-
tics . are ·required to ensure an effective and rapid COJ;'"rection of gain drift 
\d thout g-.:1nerating sptirious corrections due . to natural statistical fluctuat-
.ions. 
\vi thout the use of the stabiliser, it \lla.s found that gain shifts 
in excess. of 0. ＧＱｾＶ＠ were conunon. The use of the stc\biliser radically improved 
this :figure o This is tjpified in <me exper-iment \'/here the overall spectrum 
dri:t't was restricied to 0.01% for ·a period of eleven days continuous count-
ino. 
'fhroe l:Ulalys<:trs ｜ｾｔ･ｲ Ｎ ･＠ used in this labort'l'tory. 'r\'/() of these, the 
lnter-t:echnique SAL.tOB and · the Northern Scier}tific ｎｓｾＳＰ＠ are ·single . parametel" 
analysers while the third, the Northern Scientific NS625. (l(indly loaned .by 
Nuclear ｍｾ｡ｳｵｲ･ｭ･ｮｴｳ＠ Ltd.), is a dual parameter analyser. 
The lntertechnique analyser \!fi th a L.100 channel c·apaci ty ,.,as used 
:for the bulle. of the research liol"lto The analyser memory is cycled by an 
8MHz crysttll oscillator, giving a maxiraum dead time of &) f secso Fig. 3.6 
,•. 
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Fig 3.10 
The Northern Scientific NS 630 Analyser Together 
With i t s Teletype Output 
)1 
Fig 3.11 
Northern Scientific NS 625 Dual Parameter Analzser 
Used f or Coincidence Measurements i n this Laboratory 
( 
NaL(T 
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F"g 3,12a 
I sometric Coincidence Spectrum of 60co Using a Ge(Li) 
and Nai(Tl) Detector 
. g 3.12b 
Contour Display of the Above Spectrum 
G€( 
·,' . .. 
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shows the analyser together \d th the anticoinciden:ce shield. The NS630 
analyser, although havin9 only 256 channels, has a l.tOMHz memory cycle time 
ｧｩｶｩｮｾ＠ a niaxirnum dead time of approximately io f. ｳ･ｾｳＮ＠ It ·is suitable for 
poorer resolu:t:i.on systems, (due to the ｬ｡ｾｴ＠ of channels), fast count rates, 
or CXf.Jeriments \\'here. only a limi.ted energy range is ｮ･｣ｾｳｳ｡ｲｹＮＬ＠ ｔｨｩｾＱ＠
analyser has a 20l18 chanriel ADC together with a digital ｢ｮ｣ｬｾ＠ bias ｦｮ｣ｾｬｩｴｹ＠
\·lh:Lch results · in simpler energy alignment when exrun:lning n spectrum in 
sections.,. 
fig. · 3.10 shows the analyser · together with. its Teletype ､｡ｴｾ＠ out-
. ·. . . . 
put unit. The dual · ｰ｡ｲｾｭ･ｴ･Ｎｲ＠ . analyser (Fig • 3. 11) is intended pri mari'l y 
for coincidence experiments. Two ADCs are incorporated and stores pairs 
of pulses th.at are within the coincidence resolving time of 1 }A sees. 
The memory contents ｭｾｹ＠ be displayed either in isometric or contour form. 
The 1024 ｡ｶｮｩｬ｡｢ｬ･ Ｎ ｣ｨ｡ｮｮ･ｬｾ＠ ｾ｡ｹ＠ be arranged in any two dimension combination 
trom 1 x .1021* to 32 x· 32 ct)annels. 
DUal parametel" anulysers in use w'ith ｇ･ＨｾｩＩ＠ detectors have one 
ｭ｡ｪｯｾ＠ proJ:>lem (Alberger ·1967), ntunely the ｩｮ｣ｾ｣｡ｳ･ｾ＠ requirement for chnnnels. 
Heath, Blaclt Elnd ｃｾｩｮ･＠ ( 196()b) ｨｾｶ･＠ shown that a minimum of. five chunpela 
are requlred in · the full width at half maximum·.of tl ｰｾ｡ｫ Ｎ＠ for ade,quate defi-
· nition. For two dimensional spectra this ｲｩｾ･ｳ＠ to 25 ｣ｨｮＱｾＱ･ｬｳＮ＠ I•'or a 
1 NeV energy ranQe in each dimension with 5 keV resolution ｾ･ｴ･｣ｴｯｲｳＬ＠ a 
total of 106 ｣ｨ｡ｮｾ･ｬｳ＠ are necessary. 
ｬｾｩｧ［Ｎ＠ 3.12a . ·and :;.12b demonstrate the results of a ·coincidence 
experiment with' .6oco. A Nai '('l'l) and a Ge(Ll). detector were used ｡ｾ､＠ the 
apectl"Utn is shown both in isometric and contour displ.ay. Fot· the 32 X 32 
display, the · scintillator has sufficient cnannels, but · the Ge (L:l) detector 
ｳｵｦｦｾｲｳ＠ from poor de.t"ini tion. 
It . is e$sen'tial to prov:lde suffi'cient channels co1upatible wi tl:l 
the ·de!,.ectol':" .resolution ｯｴｨ･ｲｷｩｳｾ＠ considerable ｳｾＬ＾･｣ｴｲ｡ｬ＠ information 1'1ill be 
lost. 
: 1 
I 
I ; 
! 
I 
i 
l 
' ' . Ｍｾﾷ Ｍ .. ''· Ｇｾ＠ ·' .. 
··- .. : 
.. ·· 
. ; 
54 
ｐｲｯ｢ｾＡｭＡ＠ and ,.,!!!J"!,ation, .. ｾｲｯ｣･､ｵｲ･ｳ＠ Ｎ ＡＮＧｬｾｾｮｴ･ｲ･ｾ＠ in Establiah,in.Q 
21?..2!:.2-tiona'l Ge·(Li 2· .. ｑ･ Ｎ ｴ･｣ｴｯｲﾷｾ＠
l*- 1 Introduc·ti on 
_ _ 1111 ﾷＭﾷﾷＭ ﾷ Ｍｾ＠
. . 
An ap.preeiat:i.on ·of t.._e chal"'acteristic of Ge (Li) detectors ｨ･ｬｰｾ＠
ｴ Ｎ ｨｾ ﾷ ｾ ｵｳ･ｲ＠ ｯ｢ｾ｡ｾｮ＠ optimum perforanance and ｬｾｮｧｾｲ＠ _life from _a giv_e_n· ｾｹｳｴ Ｇ ･ｭｾ＠ : 
In part, this inclu_des evaluation;· ､ｩ｡ｧｮｯｳｾｩ｣＠ ｭ･｡ｾｵｲ･ ﾷ ｭ･ｮｴｳＬ＠ and detector 
repair procedureso 1'his ｣ｨ｡ｰｴｾｲ＠ .represents the ･ｸｰ･ｲｩ･ｮ｣ｾ＠ ｧ｡ｾｮ･ｾ＠ in the 
course of establishing, _evaluating and r .epairing ｯｰ･ｲ｡ｴｩｯｾｾｬ＠ detectors. 
4., 2 . P,ete9j:2!:, Fatll ts and their Effects 
ilroblems associated with Ge (Li) detecto:t"S · are considered· under 
three_ ﾷ ｾ･Ｆ､ｩｮｧｳＬ＠ bu!lt 9 stu"face and ﾷ ｣ｯｮｴ｡･ｾ Ｍ p1 .. oble.ms.- ·1'hese require ｱｵｩ Ｚ ｾｾ＠
ｳｾｰｴ｜ｲ｡ｴ･＠ tt·satEnenta 9 a.l though ＢＧｬｾ･ｮ＠ o11e defect . ;La_ remedi·ed, ｣ｯｮｾｩ､･ｲ｡ｴｩｯｮ＠
is _often requb"ed o:f th$ otber two groups ·of pbenoniena ｾｯ＠ t'etain _optitnurii. 
ｰ･ｲＺｲｯｾｭ｡ｮ･Ｐ＠ o · · 
Ａｾｦ･･ｴ＠ a 
Bulit defects arise ｾｲｯｭ＠ imperfec·tions in -the fabrication ·process 
ｾ､＠ ｾ Ｎ ｾｐ･［ｴ•ｦ･｣ｴｩｯｮｳ＠ in the germanium used. Defe·cta due' to the . fabri.cation 
.. ｊ＾ｬｾｯ｣･ｳｳ＠ ·arise from a high temperat_ure drift (Ar8aantrout ｾＹＷＰＬ＠ Armantrout 
arid Ti'loltlPE30n ,Jro 1970), ineffective cold ｾｲｩｦｴ ﾷ＠ condi tioris (Gib}?ons · and 
ｉｲ･､ｾｬ･＠ i967, ｌ｡ｵ｢ｾｲ＠ 1969.) and excess ｴｩｾ･＠ spent at room temperature 
. Ｈａｊ［Ｂｾ｡ｮｴｲ ﾷ ｯｵｴ＠ 1966a, Sakai and Fowler 1968). 'the resulting imperfect eomper1- · 
sat ion also results in the inability of the. ｣ｯｩｮｰ･ｮｳｾｴ･､＠ ｲｮ｡ｴ･ｾｩ｡ｬＮ＠ to pu_ppor:t 
a .high collecting ·fielde 
':Many ､･ｦｾ｣ｴｳ＠ due -to the germanium or-iginate from supsti tu·tional· 
impurities in the lattice (Fox 1966, . ａｾｭ｡ｮｴｲｯｵｴ＠ ｾＹＶＶ｡Ｌ｢Ｌ＠ Tavendale· 1970bt 
Schell and Nienhtd·s 1968, Cappeliani. and ｒｾｳｴｾｬｬｩ＠ 1968), pt•incipally . ｯｸｹｧｾｮ ﾷ Ｂｾ＠
. . . 
copper, iron and · ｳｩｬｶｾｾﾷ＠ ｃｲｹｳｾ｡ｬ ﾷ＠ ､･ｦ･｣ｾｳ＠ and ｳｴｲ｡ｦｾ Ｎ＠ Ｈｈｾｾｳ･ｮＬ＠ Pehl, . Rivet 
a1td Goulding 1969, Armantrout . t970a) ﾷ ｾｬｳ ｟ ｯ＠ degrade · the de.tector performance .• 
'!'Iiese impair ﾷｴｊＺｬｾ Ｚ Ｌ ｬｩｴ｢ｩｵｮｬ＠ dri·tt mopility (Henck1 Stab, ｌｯｾ･ｩｻＴ ｟ ｾ＠ Si_lva, 
Sifftu•t and ｣ｯ｣ｨｾ＠ 1966) ｳｮ｡ｫｩｾｧ＠ the ｰｾｯｳｳｩ｢ｩ ｟ ｬｩｴｩ･ｳ＠ o£ good coJ_nPJtnsat_ion ｲ･ｾｴ･Ｎ＠
Trapping effects .of the' type ､ｾ ｟ ｳ｣ｵｳｳ･､＠ in section 1.,.3 as ｷｾｬｬ＠
as .' being generated by poor acceptor coanpensa:tion .are cau$ed ·t>l". ｰｩＢＧ･｣ｩｰｩｾ｡ｴ･､ ﾷ＠
;I 
:I 
.j 
. j 
' I 
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lithium, lithium , defect inter-actions t li ｴｨｾｵｭＭＺｬｮｱ＾ｵｲｩ＠ ·ty interactions lind 
cotnplexes, i&npuri ty centres, crystal defects and 1•9gi ona ·of ｬ｡ｾｴｩ｣･＠ atr·ain. 
Their ｾＺｦｦｾ｣ｴ＠ .:l.s e·n.hanced by po.or collecting ｦｩ･ｾ､ｳｯ＠ These. phertomena 
.. ｣ｲｾ｡ｴｾＮｾ ﾷ＠ ｾ ｢ｯｴｨ＠ ｾｾｾｬｬｯｷ＠ ｾｮ､＠ deep ener·g;, levels in ｴｨｾ＠ energy gap 'to ｣｡ｵｳｾ＠ ion 
pair ｲ･｣ｯｾｮ｢ｩＱＱ｡ｴｩｯｮ＠ (Day, .DearnalfitY .and ｐ｡ｬｾｮｳ ﾷ＠ 1967) and .the ·exte1·u.d.on of the 
｣ｨ｡ｾｧ･＠ ｣ｯｬｬｾ｣ｴｩｯｮ＠ t ·iane (Trammell and Walter 1969., . Saltai 1968 and zanio and 
ﾷ ａｫｵｴ｡ｳ｡｜ｾ｡＠ 1968) ., 
It ｾ ﾷ ｳ＠ · interesting to note that .the traps ·themselves· do not cause 
significant pea.lt . )?roadening (Day eto al. 1967, Saltai 1968) as ｴｨｾｩｲ＠ effect 
has. a ISirJall sta.t.istical var.ianceo The broadening is due. to the p6sition 
of the genera·ted charge in that· each group of freshly generated ･ｬ･｣ｴｲｯｮｾ＠
and holes have different d:i.s'tances to travel to the ･ｬ･｣ｴｲｯ､ｾ｡＠ (depending· 
u11on the ｰｯｳｾ＠ tio.n of the. initial g.euf!n•a :.r·ay interaction). Thia re.sul ts. 
in varying . aliaount·a of charge loss from each pulse. 
Ths· overall ･ｦＺｦｾ｣ｴ｡＠ of the above phenomena have ｣ｯｮｳｾ､･ｲ｡｢ｬ･＠
ｾｮｦｬｵｾｮ｣･＠ upor1 . the detectol" characteristica·o The full energy perut etfic-
. iency ｭｾｹ＠ be much . reduced ｾｨ･ｮ＠ compared. with . high.performance ､･ｴ･｣ｴｯｲｾ＠ .of 
equivalent volume (se·ction · Ｕ Ｌ ｾｾ ﾷ ＲＮＭＱＩ＠ o This is ｾ｣｣ｯｴｮｰｾｮｩ･､＠ by non ｳｹｾＱ･ｴｲ［ｬ｣＠
shape ｰ･｡ｬｾｳ Ｙ＠ slo't"' rise · time pulses and a · poor. full energy, peak height to 
Compton. ･､ｧｾ＠ ratioo The reverse ' bias . lealtage '·will be. ｾｾｃ･Ｄｳ Ｇ ｩｶ･＠ <> 1.o .. 10A.> 
and probably show a lo\'1 voltage breakdQwn Ｎ ｣ｨ｡ｲ｡｣ｴｾｲｩｳｴｩ｣＠ .·.(Fig. · 4g 1) due ｾｯ＠
distorted regions of :field _at junction irregularities (Armantrout 1966a) .. 
The 9etec·tor capaci t.y will also be larger than that calculated from detector 
geometry considerations and show a large .variation with ·reverse bias · (Fig. 
Ｍ ｾｾｯＲＩＢ＠ 'fhe eur.v·es of ｾﾷｩｧｳ ＱＱ •＠ /to 1 nnd. ＱＮｾＺＮＲ ﾷ＠ were . plotted after . two Bucconaive· 
cold drifts ott ｾ＠ 1o5cm3 ｶｯｬｵｭ･ｾ＠ Ge(Li) detector. 
4·., 2o 2 Surface Effects __ __.. ......... ｾｾ＠
The . performance of a datector . is ... highiy SEinsi tive to the CQndi tion 
of its intrinsic surfaces. The dominant contribution.· to reverse . bias leal(-
age .. is inva'rial)ly generated by ｳｴＱｲｦｾ｣･＠ currents Ｈｄ･｡ｲｮｾｬ･ｹ＠ 1967.) ｾ＠ · A signi-
ficant ·proportion of this can be ｴｨ･ｾｭ｡ｬｬＺｹ＠ ｧ･ｮ･ｲ｡ｴｾ､＠ Ｎ ＨｾＱ｣ｬｮｴｹｲ･＠ 1968). Care 
is essential in tne ｭｩｮｾｭｩｳ｡ｴｩｯｮ＠ of this and the ·defects that arise in 
:i.ntrinsic surfaces (Armailtl·out 1966a, Ellis 1968 and Mcl<:enzie and De\iit 
1967·). 
ｾｾ＠ All detectors, for the ﾷ ｲｾｭ｡Ｎｩｮ､･ｲ＠ of· this· thesis," are referred 
to by theiJt"• calcuh1ted (by copper staining, section 4:.3.Jto·t) · 
sensitive volmlte"' 
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In ad¢1i tion to .defects typical <>f the bulk ｲｮｾｴ･ｲｩ｡ Ｎ ｬ＠ surfaces 
contain a concentration of · crystal damage (Armantrout 1966a, Goulding 196lJ:), 
ex-tra impurities·, · ｰｲｾ｣ｦＮｰｩｴ｡ｴ･､＠ lithium and other lithium complexes g:lv_ing a 
distorted energy band gap structure (Mcintyre 1965). Surfaces -are highly 
susceptible to impuri ｴｩ･ｾ＠ ｾｮ､＠ par.ticu lar inipurities re'sul t in· n and p layers 
: '-
6) . 13 on the ·compensated germanium. l(ingston . ( 195 has ebown that .10 impurity -· 
·-2 ' ' ' 
at9ins em can dominate the ｳｵｲＺｲｾ｣･＠ state of intrinsic . ｧ･ｲｭ｡ＱｾｩｵｭＬ＠ These 
"inversion" semiconducting junction layers May extend -over the entire surface 
｡ｾ､＠ if ｴｨｾｹ＠ cross the· p-i and i-n junction·s, they shunt· ·these 9 . contl,.ibuting . 
additio_nal capacity _to the detector (Armantrout· 19G6a). . This ad,ditional 
capacity is freque11tly ｾ｣ｾｯｭｰｾｩ･｣ｩ＠ (f.lclntyre 1965) .by_ low ｢ｬＢＧ･ｾｬｴ､｣ｲｾｭ＠ ｶｾｬｴ｡ｧ･ｳ＠
ｾｮ､＠ excess--current. The charge storage ·-capttbility of _this surface ｣ｯｮ､ｾｴｩｯｮ ﾷ＠
(Davi.es and ｴＱ･ｾ｢＠ 1966 and Elliot 1966) may ｲ･ｾｵｬ＠ t in slo\'r. charge ｣ｰｬｾ･｣ｴｩｯＮｾＮ＠
' . 
ｓ｜ｾｬＢＧｦ｡｣･ｳ＠ ldth these phenomena generally exhibit -poor ｣ｯｬｬ･｣ｴｩｮｾ＠ fields . 
coupled \d. tb significant charge trappihg. 
Cal'"eful lapping 9 etching and mounting techniques a1"e cri ticc:1l . :fo,r· 
the achie-vement of lo\11: le,f.\kage ｣ｨ｡ｲ｡｣ｴ･ｲｩｳｴＺｩＬＮ｣ｾＮ＠ and the. ｮｴ｢ｴｾｭｩｬＧＺｬ･ＺｬｴｊＮｯｮ＠ of charge · 
trappb1g. 1'he reverse bias leakage current ·variation with voltage (i.,e .. 
. . . . 
Figo _ ｾｯ＠ 1) of _a detector generally ｲｾｦｩ･｣ｴｳ＠ a comblnation of diode and .. resis-
t :i ve curve.s o Its use · in ·det_ector defect ､ｩ｡ｧｾｯｳｩｳ＠ requi:.:es . care in that 
any _ oi1e of a number · of J)_ulk, surface or contact defects can Ｍ ｧｾｶ･＠ ｲｩｾ･＠ to. 
similar characteristics (GouldinQ 1961, · El.lis 1968). Elli_a ( 1968) . has 
r extensively studied the use of leakage current charac-teri· sties £or eval.uat-
I 
. ing ､･ｴｾ｣ｴｯｲ＠ defects. The curves ｦｲｾｭ＠ Fig. 4. 1 . 'wer.e measured betl'reen cold 
dt-it'ts. ·· Fig-. _Lke2 shows the ｲ･､ｵｾｴｩｯｮ＠ of capacity afte1: : e 'ac,_h ｾｯｬ･ＺＧＧ＠ drift. 
·rhe current ｣ｨ｡ｾ｡｣ｴ･ｲｩｳｴｩ｣＠ change shows that this detector was dominated by 
i t ·a ｳｵｲｦｴ｜ｃｾ＠ condi ｾｩｯＱﾷＱｳＮ＠
Contact problems are those arising· from the n and p . layers of the 
detector a.t'ld those from the electrical and thermal contacts to the detector. 
Poor condition nand p layers result in excess cha.r.ge injection, 
increasing the reverse bias. lealtage ｣ｾｲｲ･ＱＱｴＴＮ＠ ｓｴｾ｡ｵｳｳ＠ and Larsen (1969) 
and Mayer ( 1969) have ｳｨｯｾｭ＠ that slow !"ising pulses result from Ｈｾ｢｡ｲｧ･＠
generation in the - proximity of the junctions due -to diffusion of charge 
£rom ·regions l'rith low collecting fields. ｕｬＧｬｲｩ･｣･ｳｾ｡ｲｩｬｹ＠ thick n and p 
layers ｾｾ･ｳｵｬｴ＠ in loss of counting efficiency (section ﾷｳＮｾｯＲｯＺｬＩｯ＠
. ｾ＠
ﾷＭＺ ｾ＠ • > .. : • '1! ｾ Ｍ Ｎ＠ : Ｇﾷｾ＠ " ｾ＠ .• -. ; _ .... ' . . ·.·,.:,:-;:--:-- '. --.:--. -:-. .. .-., .. ,.--._ ＭＭＭ Ｚ ＮﾷＺ ｾｾＭ .. ＭＭＭＭＬＭＭＭＺＭＺＭｾ ＬＮ Ｍ］ＭＺＭＺ ｟ Ｎ Ｌ ｾ ＮＬＮ［Ｌ ｪ＠
ｾ＠ "'r · ﾷﾷｾ＠
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1-ligh resistahce ohmic -·contact's to the detector causa sl_Cl'l· 
ri'setime detec:tol" pulses. In addi_ti.on, the resul ｴ｡ｾ ﾷ ｴ ﾷ＠ ﾷ ｰｾｯｲ＠ thermal 
contact prevents adequate cooling of the detector. Hansen and ｊ｡ｾｲ･ｴｴ＠
( 1964) have ｯｰｴｾｭｩｳ･､＠ contact ｐ Ｎ ｾｲＮｦｯｮｮｾｾＨＬＧＺｾＧ＠ .using indium foils painted wi ttl'· 
ｩｮ､ｩｵｭＭｧ｡ｬｬｩｵｾ＠ eutectic. These foils · must be of minimum thickness due ·to 
their high gamma ray ｡｢ｳｾｲｰｴｩｯｮＮ＠
· .. Optimum detect_or perfOt:"J:Uanee can only be achieved ·when _effective 
minimum .thi'ckness non-injecting' n ' and p layers are ac.hievedo 
4.3 ｍＡＡＡＮｾｭ･ｮｴ＠ •• ｯｾ＠ \he ｄ･ｴ･｣ｴ｟＿ｾ Ｎ ｴＧ｡｣ｩｴ･ａＭｾｳｴｩｳＡＮ＠
This ｾ｡｣ｴｩｯｮ＠ ､･ｾ｣ｲｩ｢･ｳ＠ the measurements ·made· to obtain -pertinent 
data on Cl"yst·af condftion both befoll."'e and after the ｣ｲｹ ﾷ ｳｾ｡ｬ＠ is installed 
in the cryost.at. 
4. 3. 1 ＡｨｬｬｩＡＮ｡ｳｵｾｮｴ＠ of Lealtage Cut·r2!.1J. 
0 Typic.al ､･ｴ･ ｟ ｾｴｯｲｳ＠ at 77 K ｨｾｶ･＠ ｲ･ｶｾｲＬｳ･＠ bias lealtage ｣ｵｲｲｾｮｩｳ＠ ·.of 
the rahge 10-.S to · 10 ... 10 amps. . 1'he technique· of ·pe·arnaiey and ｎｯｲｴｾｯｰ Ｌ＠
( 1966) is · used for this measuremento 
ｭ･｡ｳｵｲｾｮｧ＠ the leakage curren:t of a planar ､･ｴ･｣ｴｯｲＮ ｾ＠ 'The ｣ｵｲｲ･ｾｴ ﾷ＠ ｦｬｯｾｳ＠
throug1?, a standard 107 ohm resi$tor_, orte ｮ｡ｮｾ｡Ｎｲｩｰ＠ ｧｾｮ･ｲ｡｟Ｚｴｾｮｧ＠ 10 ｭｩｬｬｩｶｯｬｾｳＮ＠
This voltage is measured· with a . high internal ｩｭｐ ﾷ ｾ､｡ｮｾ･ ﾷＧ ［ Ｎ＠ ( >;. ＱＰｾａ＠ ) ,· 
. digital voltnteter, or vibrating reed electrometer. 
｜ＱＱｾｲ･＠ obtained with this ｾ･｣ｨｮｩｱｵ･Ｎ＠
-The curves of Fig. 4.1 
· Careful · a_ttention must be paid to ·the earthing o£ the circuit and 
'to Ｎ ｡ｬ･｣ｴｲｩ｣｡ｾ＠ pick-up to avoid too ｟ｮＬ･｡ｳｵＮｲｾ･ｮｴ＠ ｯｾ＠ addi_tional stray· cij.rrents,. 
When ｴＮｨｾｳ･＠ are ｾｬｩｴｮｩｮ｡ｴ･､Ｌ＠ tpe p:reciaimt dt;llpend$ ｾｰｯｮ ﾷ Ｎ＠ the 'starl.diu"d _.resistor 
·. . . . ｾｾ＠
and ｴｨｾ＠ .. voltmeter ttsed. . . Emphasis is also ｰｾ｡｣･､＠ on ｲ･｣ｯｲ､ｾｾｧ＠ :the shape ·of 
the current-v9l tage charact:eristic due ·.' to ita significance in the ､ｩ｡Ｎｧｮ Ｚ ｾｳｩｳ＠
.of crys·tal ·faul tse . 
4., 3 o 2 ＡＡＡＬｾ＠ .. ｾ･｡ｳｵｲ･ＬＡＬｩｴＲＮＬｾｴ＠ of· Dete£!o;_£apa_£i,!l 
X.n practice 9 the capaci ·ty measured is a ｣ｯｾ｢ｩｮ｡ｴｩｯｲ｡＠ of stray and 
detector capacitye Dearnaley and . ｎｯｲｴｩｾｯｰ＠ ( 1966.) use a .pulse technique. to 
measure ｣｡ｰｾ｣ｩｴｹＬ＠ sharing_ the charge · from a pulse bett.;eel'l a ltno\m· capacitor 
and the ､･ｴ･｣ｴｯｲｾ＠ Fig. ＱＺｾＮＺ ｾ Ｔ＠ shol·Ts the circuit used tor ｾｴ･｡ｳｵＮＮＮＭｩｮｧ＠ the 
detector capacity .as a function .of reverse . bias v:ol ｾ｡ｧ･ ﾷ Ｎ＠
are fed from a precl.sion pulse generator (Ortec 204) to a standard capacitor 
c a ｡ｾ､＠ ｴｨｾ＠ . ·detector input. 
., 
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Circuit Diagram "for ｟ ｌ･｡ｬｾ｡ｑ･＠ Ｚ ｃｵｲｲ･ＡＬｬｽ｟ｍ･｡ＡＮｬｬｾｭ･ｮｴ＠
cryoa tat wall . . . 
.,...... __ lt.....,.""h\-'\OWiQ.uot .... ｾ［ｲＭＮＮＬＮＬＭＮ［Ｎｩｯｬｬｴｾｾ＠ ........... ＭｾｴｾｦＧ ｊＺ［Ｎ ｾ ｕＮ ｜ｩｯｯｕＮｃ ｾ ＭＭＭ ﾷ＠ --
il 
a • 0 I. 
q ' I t 
a • 
.t I 
+ . .- ! 
｣ｯｯｬｾｮｧ＠ bloclc.: 
L..,;..._ •• 
. ___ _._ ............... --.. ﾷ ｾＭＭ
ｾＮＭＭ . . 
. . llt--·r---· .. -·-···---
0 ｾ＠ .. ....,.......,. ..... ,, .. ,.,..... .... ,..,..,..,. ......... .,.,., .. _,., .......... ＬＮ ｾ＠
_ ....... ｾＭＭＭ
feed . . 
through · 
HT supply 
standard . 
reEtistor 
+ Ve o=----.. ﾷｾＢＢＢＢＢＧＭＭﾷ＠ ... ］ＭＭＭＭＭﾷＭＭＭＭＭｾＢｖＱｾＱ｜ｊ｜ｉｬｊ＠
voltmeter 
ri. . i p 
.. , .
I 
•• 
I . 
I 
D 
I f 
. 1..-..-.. -L 
cooling bloclt 
____ ... ____ ..... _ ...... ＮＮＬ｟ＮＮ｟ＢＢＭＧｾ＠ .. 
. 0 ＰＮＮＭｴＺｲＮａＮＢｘＮｕｾｾ＠ .... ..-.-.... _, ｾ･Ｂｾｬ ｦＡ ｾｬｏＧｦｾｾｾＬ＠ • 
H1.' supply 10M . ·-·- ｾﾷﾷＭＭﾷﾷＭ ﾷ＠ - ,;.;1---.. ｾＭﾷＭＭｾｉＭﾷＭｾＭ
to 
. + ｖ･ｾＱ Ｍ .. ·. ·_ 17'1'177 
pulsar ＰＮｾ＠ ＱＭﾷﾷＮＱｾＭＭＭ ＮＮＬﾷＭﾷＭﾷｾＭＭﾷﾷＭＺＭＭＭＭﾷﾷ＠
to Ｐ｜ＭｾｾＭＭｾＭＭＭＭＭＭＭＭＭｶＭ ﾷ＠ _ 
oscilloscope . . 
or 
voltage ｾ･ｮｳｩｴｩｶ･＠
amplifier• 
: - .<I _:.:' ｾ＠ Ｇ •ｾＬ＠
! 
·, i 
Ｍｾ＠
.i 
I 
I .. \ : 
··: . 
V = voltage pulse height of pulse 
·V0 ］ Ｚ ｾｯｬｴ｡ｧ･＠ developed across c0 
. c 1 (V-V0 ) 
. ｔｨ･ｾ＠ CT .=· V 
·- . D 
•••••••••• (4..1) 
Measurement· with and without the crystal in ｣ｩｲｾｵｩｴ ｟ ｡ｬｬｯｷｳ＠ accurate 
· .calcuiation of c0 • ｆｩｧｾ＠ . ＧＪ Ｎ ｾＲ＠ shows curves o£ the. vari,ltiofi .. o;f -. ｣｡ｰｴｬ｣ｾ＠ ty 
measured with this technique. ｔｹｰｾ｣｡ｬ Ｎ＠ meas1-tred .values of .capacity _ vary -
. ., . .. . 
from ·S - . 200 pF and are dependant upon ｾｨ･＠ -magnitude of the reverse bias 
voltage. 
capacity 
Again, emphasis is placed upon measuring the shape of ｴｨｾ＠
voltage characteristic as well as its magnitu-de due to its .sig-
nificance in fault diagnosis. 
4.3·3 Observation .of. Full Energy Peak Shape 
·observations are made after the energy resolution has been Ｍ ｾｰｴｩＭ · 
mised ·as far as .possible :_ as Ｍ ､･ｳ｣ｲｩ｢･ｾ＠ in ｳ･｣ｴｩｯｾ＠ ＭＳＮｾＮ＠ ·The pealt shapc;t ·is 
ｯ｢ｾ･ｲｶＭ･､ Ｎ＠ at- different fii ter time ｾｯｮｳｴｾｴｳＮ＠ Ｇ ｳｩｯｾ＠ ｣ｰ｡ｲｧｾ＠ collection ' ' 
. . 
ｾ･｣ｯｭ･ｳ Ｇ＠ evident. by ｩｮ｣ｲｾ｡ｳ･､ Ｇ＠ pealt assymmetry at the ｾｨｯｲｴ･ｲ＠ time constants. 
The . peak has -both random and · sY-mmetric · ·sources of broadening ·which·- can be 
usefully considered. 
'!'he symmetric C<>rnponeilts f.\l"'e due to ｬｅｕＮ｜ｬｾ｡ｧ･＠ CUrrent and Capacity· 
contributions. The non ｳｹｭｾｴ･ｴｲｩ｣＠ components are · due ｾｯ＠ ｴｾ･ Ｎ＠ trapping .. 
mechanisms discussed in ｳ･ｾｴｩｯｾ＠ ＿､ｾＳＭ Ｎ ｣｡ｴＺｴｳ･ｾ＠ by the ｰｨ･ｮｯｭｾｮ｡＠ ､･ｳ｣ｬｾｩ｢･､＠ in 
section· 4.2. An ｡ｰｰｲｯｾｩｭ｡ｴ･＠ measure of . the ﾷ ｡ｳｳｹｭｭ･ｴｲｩｾ＠ ｣ｯｬｬＧＡｰｯｮｾｮｴ＠ ｾｳ＠ obtained , 
by comparison of the ·energy ｲ･ｳｯｬｵｾｩｯｮ ﾷ ｡ｴ＠ full - width at half ｭｾｸｩｭｾｭ＠ and one 
ｔｨ･ ｾ＠ ratlo of the two Should be ｡ｰｰｲｾｾｩＮｭ｡ｴ･ｬｹ＠tent-h maximum pealt height. 
ｾ＠ -. - . 
two for a good detector. . . -Larger ratios. ｳｾｯｷ Ｎ＠ that s-ignificant trapping : ｾｳ＠
ta}(ing place and the compensation should be itnpl"oved. F.! g. 4_•5 ｳｨｯｷｾ［ｾ＠ two _ 
. . -
.full· Ｍ ･ｮ･ｲｾｹ＠ ｰ･ｾｳＮ＠ The hi·gher resolution · pealt is from a well .cosnpensated-. 
detector. operating at 1oOV/mtn in the ､･ｾｬ･ｴｩ ｟ ｯｮ＠ ｲ･ｧｩ ﾷ ｯｾ［＠ and ｾｾｯｷｳ＠ an ｡｣ｾ･ｰＱ［＠ ... 
·able. degree of Ｎ ｴｩｴｩｬｩＧｮｾＮＭ The poorer peak is ft-om a detector that had bee.n 
｡Ｙ｣ｩ､ｾｮｴ｡ｬｬｹ＠ l .. etumed· t _o . :room ｴ･ｾｰ･ｲ｡Ｎｴｵｲ･＠ · with a cor-respondi·nfil loss .of ｣ｯｾＭ
_.-pensa:t;.ion (8:lso a.t · _ 100V/nmi ｢ｩ｡ｳＩｾ＠ Ｇｬｾｨ･＠ observabla tail complicates· ·precise . . 
intensity measurements in a complex spectrum. 
- . ' 
4:.'3./J: The f\teasurement of the-.Detector Volume .'Sensitive to Gamma Hnys 
Sever.al ·techn_iques are available for deter·mination of the sensi-
- . 
ti ve volume of a detecrtor. 'l'hese. ·are di vi'ded into ·two groups, those used 
. ·: . ' •. . ｾ＠ .  
'· · ·' 
"I • • • I ｾ＠ • 
.Comparison of . Peak ｔｾｩｬｩｮｧ＠ ｂ･ｴｷ･･ｮ Ｎ ｾ＠ Godd Detector 
and a begraded Detector· 
excess 
tail 
ratio 
• 2.8 
:ratio 
=: 2.15 
-t· 
+1"++ Ｌ｟｟ｾＭＭＭＭＭＭＭＭＭＺＢＭ｟ＮＺ｟｟＠ __ __±_,.,.,_ ... _ .... ｾＢＧＮＭ､ＮＺＮ＠
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be··rore ·instal.J,ation of the . detector and 'those. used ｷｾ･ｮ＠ ·the detf!etor ia 
operational. 
ＴＮｪＮＴｾ＠ 1 Meaau'rement before· Instail_ation 
The following techniqu_es ｡ｾ･＠ available for detector volume 
measurement:-
· (i) Thermoelectric probe (Henck et ·. al. 1966) . 
(li) · Surface Resistivity· Probe ·(Goulding and Hansen 1961.t) 
(iii) . Photoconductance .Analysis Ｈｂｲ Ｎ ｯｷｮｲｾ､ｧ･＠ and McLoughlin 1968) 
(ivl Copper Staining (Hansen and Jarrett 196'*) 
(v) · Eddy Current (\ialford ·and Doust 1968). 
All methods rely on the as·surription that ｴｨｾ＠ ｢ｯｾｮ､｡ｲｩ･ｳ＠ of. the 
drifted region ｾｯｩｮ｣ｩ､･＠ with ｴｾ･＠ sensitive ｶｯｾｵｭ･Ｎ＠ Webb, ｍ｡ｾｭＬＺ＠ ｃ｢｡ｾｴｲ｡ｮ､Ｌ ﾷ＠
Green Sakid; lt .. owler ( 1968) have confirmed this · for high quality ､･ｴ･｣ｾｯｲｳＮ＠
For poorer detectors there is some -doubt as to whether this assumption is 
｡｣ｾｵｲ｡ｴ･Ｎ＠ Methods (i)- (iv) _Dieasure ｳｵｲｦ｡ｾ･＠ pO:.i-.n ｾｯｮｴＮｯｵｲｳ＠ while ··(v) has · 
some de·gree of depth ｮｩ･｡ｳｵｲ･ｾｮｴ＠ in the ｣ｲｹｳｾｾｬＮ＠ · . All methods· ｩｾ｡Ｚｶ･＠ the · . 
. . 
operator to ･ｳｴｩｭ｡ｾｅＺＧ＠ the sens:l. tive volume 'by estimating the. internal contours' . . 
ｯＺｦ＼ｴ Ｇ ｨｾＭ ﾷ ｣ｲｹｾｴ｡ｬＮ＠ . This may. be satisfactory :for. small i>lartar crystals, but for 
ｬ｡ｾｧ Ｚ ･＠ ﾷ ｾｯ｡ｸｩ｡ｬ＠ detectors considerable errors can be ｩｮｾｵｲｲ･､Ｎ＠
· .. , . . 
.. ;:: . No satisfactory ､ｩｲｾ｣ｴ＠ method is at present .available·. While each 
ｴ･｣ｨｊＢｴＭｾｱｵ･＠ has its limitations it is unwise to· ､ｩｳｲ･ｧｾｲ､＠ ﾷｴｾ･ｭＬ＠ since they are . 
·useful for -various ､ｩ｡ｧｾｯｳｴｩ｣ Ｎ ｭ･｡ｳｵｲｾｭ･ｮｴｳＮ＠ It" or ｾｸ｡ｭｰｬ･Ｌ＠ ·.the surface res is.:. 
tivity probe . can be applied to the n layer to detel"hline the lithium- concen-
tration. ｐｨｯｴｯ｣ｾｮ､ｵ｣ｴ｡ｮ･･ ﾷ＠ techniques allow ｡ｮ｡ｬｹｳｾＤ＠ ｷｾｩｬ･＠ the crystal is 
still ､ｾｩｦｴｩｮｧＮ＠ Copper staining i·s· ｳＺｩＮＧｾｰｬ･＠ ｡ Ｍ ｾ Ｚ＠ in addi_tion its appearance 
.gi-ves a rapid indication ｾｩＧ＠ the. quality Ｍ ｾｦ＠ ｴｨｾ＠ ＺｩＮｰＮｴｲｩｾｳｩ｣＠ regiop (Ellis t96B.). 
If the stain is indistinct and . copper- also· deposites upon the ilitrinsic 
region then poor ｣ｯｭｰ･ｾｳ｡ｴｩｯｮ＠ is suspected. ｆｾｧＮ＠ ＴＮｾ＠ ｩｾ＠ a -. photograph or' a 
copper stained 30cin3 coaxial ｣ｲｹｾｴ｡ｬ＠ ｳｨｾｷｩｮｧ＠ · delineatl·on ·· of. tbe· ·P core. An 
additional less disti.nct ｳｴｾｩｮ＠ may be seen, indicating that areas of the 
ilntrinsic region have ｲ･ｶ･ｲｴｾ､＠ in part ｾｯ＠ p type rnate.rial. This crystal 
required ｾ ﾷ ｾｮｳｩ､･ｲ｡｢ｬ･＠ ｲ･ｰｲｯ｣ｾｳｳｩｮｧ＠ before it could be used as a de.tector-. 
Nethod (v) was suggested _as an attempt to detertnine the internal 
junction contours of a detector. · This method relie$ on the ､ｩｦＺｦｾｲ･ｮｴ＠
effective resistance of n, i and p material. The technique should also be 
adaptable to monitoring -the detector while it is _still in ｾｨ･＠ drift bath • 
. ': ... ｾ＠ .: ..... _ 
' 
. i 
Fige 4.6 
Copper Stained 30 cm3 Coaxial Detector Showing Delineation of 
the p Core and Additiona Staining ·n the Intrinsic Region 
l 
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.4.·3. .• 4.2 .Volume Measurement . on an OPerational Detector 
Two techniques are available:-
Ｈｩｾ＠ . Capacity· measurement (Pell 196o) 
(ii) Col.limated Gamma · Ray · .. aeain: {Webb :et.· al. 19.68). · 
J.iethod (i) equiites the · measured-' value of capacity with an expression con-
taining the dimensions ·of t _he de.tector.- As_ has ｢･ｾｮ＠ ､ｩｳ｣ ｟ ｵｳｳ･､ｾ Ｚﾷ＠ ｴｾｦＡＡｬ ﾷＮ＠ ｴｲｵｾ＠ · 
capaci ｴｾ｣･ ﾷ＠ of a detector -is. influenced by several ｟ ｦｦＬ｜｣ｴｯ ｟ ｲｾ＠ i1:1 ｡､､ｾ＠ ｴｾｯｮ Ｚ＠ to 
its geometry. Unrealistic results to·r volume determinations can be ·obtained 
thus limiting this approach. 
Method (ii) · is the only technique that ｭ･｡ｳｾｲ･ｳ＠ the detector .in 
.. 
operl\ti'onal: conditions. .A finely ｣ｯｬｬｩｭ｡ｴｾ､＠ gamma ray beam 'is rrioved across 
the cryostat unti 1 the ､･ｾ･｣ｴｾｲ＠ is ｯ｢ｳｾｲｶ･､＠ to resp_ond. l:n this way, the 
sensitive volume may be delineated. Webb et• ｾＱＮ＠ (1968) have developed ｾｨ･＠
ｵｾ･＠ of the ｣ ﾷ ｾｬｬｩｭ｡ｴｯｲ＠ to a high degree, 'and ｨｾｶ･＠ ｵｾ･､＠ it 'to ｾ｡ｳＧＭＧｲ･＠ ｾｲＺｹｳｴ｡ｩ＠
property variations. The· precisioh ·of the ﾷｴｾ｣ｾｮｩｱｵ･＠ is dependant upon. the 
degree of collimation, choice ·of S()Urc.e .· and :the col ｦｩｩｮ｡ｴｾｲ＠ Ｎ ｰｯｳｾ＠ i ·i :oning ' ･ｱｾｩｰ ﾷ Ｍ
ment. Campbell, Smi·th and ﾷ ｍ｡ｾｋ･ｾｺｩｾ＠ .( ＱＹ＿ｾＩＬ＠ by _.the Ｎ ｾ ｵｾ･ ﾷ＠ ｾｦ ﾷ＠ Ｍ ｾｾｮｬｨＺｩＮ Ｎ ｬ｡［ｴｩｯｾ Ｎ＠
gamma rays and coincidence ･ｱｵｩｰｭ･ｾｩＬ＠ have ｡｣ｨｩｾｶ･､ ｯ ｡＠ spatial resolution. of 
0.1 11111, a factor of ten ｢･ｴｴ･ｾ ﾷ＠ Ｍｾｨ｡ｲｩ＠ that obtained it) the present wo:rk uslng 
conventional 'collimation ·techniques. · However, thi_·s Ｚｰｲｾ｣Ｑｳｾｯｮ ﾷＮ＠ is ｵｮｾ･｣･ｳＧｦｴ｡ｲｹ＠
due tQ ｴｨｾ＠ thickness of material required ｩｾ＠ ｣ｯｾｬ･ｴ･＠ absorption. of gamma 
ｲ Ｎ ｾｾｳ＠ (s·ection ＵｾＲＮＲＮＲＩＮ＠
'7. , . 
Fig. 4.·7 shows a ､･ｴ｡ｩｾ･､＠ scan ｴｨｾｴ＠ was talcen on a ?•I* ･ｭｾ ﾷ＠ crystal. 
In :this .case ｾｨ･＠ collimator . was· also used· to r.eco.rd sensitivity varia:tions 
ｴｨｲｯｵｧｨｯｵｾ Ｎ＠ the crystal. A ·137cs ｳｯｵｾ｣ｾ＠ ·was· Ｍｾｳ･､＠ ｾｩｴ Ｎ ｾ ﾷ＠ a - lead· col.limator 
( inun hole diamete:r and · 13 ems ｬｯｮｧｾ＠ mounted . qn . a lathe ｢･ｾ＠ for acc1,.1rate · .. 
posi'tioning. The sensitive volume .edges .could ·be ｬｯ｣｡ｴｾ､＠ to 1 riun. The· 
non.;.uni:tormity o:r ｳ･ｾｳｩｴｩｶｩｴｹ＠ ｾ｢ｾ･ｲｶｾ､＠ is. discussed ｩｾ＠ section ＮＵｾＲﾷＲｾＳﾷ＠
To obtain a volume measurement the crystal must be. ｓｃ＿｡ｮｾ･､＠ ._in. ｾｲｴｨｾｧｯｾ｡ｬ ﾷ＠
plane$. The sensitivity··will ｾｬｷ｡ｹｳ＠ be reduced. ·at the edges of· a .:crystal 
. . . . : . . 
due to . charge loss ｾ｡ｵｳ･､ Ｇ＠ by ･ｬ･｣ｾｲｯｲｩ＠ ･ｳ｣｡ｰｾ＠ ｾｮ､ Ｌ＠ othe.r . Ｍ ｾｾ･ｾｧｹ＠ losses_ 
. (Cline 'i9p8). As a result the sensitive· volume is never more · weli .de:tined 
'than the range of the ｳ･Ｎｾｯｮ､｡ｲｹ＠ ･ｬ･ｾｴｲｯｮｳ＠ induce'd ·by gamma rar interactions. 
ｾＮＳｾＵ＠ Location of the Sensitive Volume within the CrtQstat 
To a first approximation·, this information may · 'be -obtained by 
measurentent just before ｩｮｳｴ｡Ｇｬｬ｡ｴｩ Ｎ ｾｮＮ＠ ·nemea'surement is necessary for ·the 
.. ... : ｾＮ＠ ,! : i 
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·: . follow:lng ret.\l!Jona. · Coa·l't.raction of . tho cold tinger <>fl (;ooling Ct\11 move 
the ､･ｴｾ｣ｴｯｲ＠ up ·to· 2 ·mm (Heath et. al. 1966). 1'.hia eiut bo accompanied 
by distortion ·of · the finger causing the ､･ｴｾ｣ｴｯｲ＠ to ntove ｯｦｾ Ｎ＠ ｣･ｮｾｲ･＠ by 
as much as 5 nnn (Muggleton 1969). . Furthermore, ·the ·sensitive voiutne 
contours· do not necessarily coincide with the crystal's physical ext·ernal 
d:i.n1ensions. 
Three techniques are available for ·volume locations· collimated: 
gamma ray ｢ｾ｡ｭＬＭ radiography of the cryostat· ·and· a source distance var.iation 
teclmique o 
L}'o3o5o 1 ｙＭＲＡｾＱＡｾ Ｍ ｾ＠ .. 2!!. .. \d t,h a Collimated Gamma Hay Beam 
'!'his :technique is as described in se.ctioat 'h.3•1*"2. ·· When the sean 
is performed tha volume anay be located by maa.e(tring relative to a ｦｩｸｾ､＠ ref-
e1"ance point on tha cryoatat end cap • 
sig1·1ificanto 
The 'choice of gamma ray ene.rgy .is 
I1'l the ｳ｣ｾｮ＠ demonstrated ｾｮＭ ﾷ＠ Fig . .. ·. 4: .• 7, · ＶＲｾ Ｎ＠ keV gamma rays were ｵｾ･､＠ · 
to ｯ｢ｴｾｩｮＺ＠ .som.e . ､ Ｎ ･ｧｬＮＢｾ･Ｎ＠ of ｰｾｮ･ｴｲ｡ｴｩｯｮ＠ for ·addi ｴｩ ﾷ ｏＮｾ｡ｬ＠ ､｡ｴ Ｎ ｡ ﾷ ｾ＠ 'if 'a volume· 
ｬｯ｣｡ｾｩｯｮ＠ and measurement only is 1·equired, tbe1i . ·the choice ·of a lo\..r energy· 
gamna ray delineates the surface layers .only. 
'I'h f 241A (6o k V .. · . it.h H V L f .C!·•· G ). e use o an · e gamma rays w an • • • o .J"1: mm e , 
·allows .' better spatial resolution, not only due to the shorter range. ·but also 
to ' imp1:.oved collimati'On at · lowe·r ･ｮ･ｲｧｩ･ｳｾ＠ . ;l'he boundaries .of the sensiti.ve 
volume in this instance can ·be ·located to 0.5 mJt:l•. 
4.-.3 .. 5o2 ｾ＼ＡｩＲ｡ﾣＡＡｬ＿ＮｨＺｙ＠ of t't1e ｃｲｹｯ｡ｴ｡ｾ＠
If an appropi'"inte x .... ra.y .machine is available· then such a technique 
. . 
is possible. The resul tru1t radiograph will show the ·position. of t.he ｣ｾｾｳｴ｡ｬＮ＠
HO\mver, unless the ｣ｲｹｳｾ｡ｬ＠ is almost entirely ｳ･ｮｳ Ｎ ［ｬｴｾｶ･ Ｎ＠ material, or ｩ ﾷ ｾ＠
eJcpected to have al'l accurately icno\m p-i-n. structure. then .radiography . is n()t 
satis.factory!' Hence, this method has not. been considered in detail. 
LJ:.39.5o3 ＡｾｾＮＲｾＧＡＭＮｾｾｾｨｯ､＠
This tech11ique, developed ｾｮ＠ thi.s laboratory, involves the plac.ing 
of a s!ource ·.of the energy range of interest at a known distance from a f.ixed 
point 11ear ｴｨＨｾ＠ cr•ystal (usuallY. the cryostl\t mtd. cap window, Fige lto8). 
·,rhe ｡ｲｅｈｾ＠ of the full ene1·gy ｰ･ｲｵｾ＠ is ·meas.ured for that distance a1td · the source 
l:\djusted to new position. 
: ｾ＠
I . 
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.! 
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If :n = 
1 = 
. t = 
"t:,· , .. 
68 
number of counts i-n the full energy peale 
distance of source from end window, or some o·:tl:ler 
:f.ixed point 
distance between the fixed pobit and ·the _plane in 
the active voiume such· that the full ･ｮｾＬｲＺｧｹ＠ peak 
receives ｾｱｵ｡ｬ Ｎ＠ ·contributions from each side of 
the ｰｾ｡ｮ･＠
Then, to a g·ood ｡ｰｰｾｯｸｩｭ｡ｴｩｯｮＺﾭ
KT ' 
D = ·(l;.t')2 ............ 
Where . K = ｣ｯｮｳｴ｡ｾｴＬ ﾷ＠ and T = count time. 
If D is measured for several values of' 1 . then ·a grapta is plotted 
of slope (I<:)! wt·th an intercept of -t. Fig. 4.9 sho_ws the graph obtained 
for th.e 7o4-cm3 .·crystal in the eJ_Ctended dripf'eed cryostat of .Fig. 2•2• t -' is 
· ･ｮ･ｾｧｹ＠ ､･ｾ･ｮ､｡ｮｴ＠ 11 but if ｴ ｟ ｨｾ＠ thickness 9f. the active .volume is ｳｾ｡ｬｬ＠ compared. 
wi_th .. 'the H. V ｾｌＮ＠ of germ_ariium for the energy ·used, then ·.t. gives .the centre of 
, . . . . . . . . 
tb.e .. ｾｦｦ･｣ｴｩｶ･＠ .volume. As .the ganima ray ･ｨｾｲｧｹ＠ decreases,- ·t ､･｣ｲ･ｾｳｾｳ＠ · ｾｳ＠ .' · 
more .. of. the ｩｮ｣ｾ ｟ ､･ｮｴ Ｎ＠ ｢ｾｾｭ Ｎ＠ f:s , ｳｴｾｾｰ･､＠ .. in· ｾ Ｍ ｨｾ＠ ﾷ ｟ ｦｩＮｲｾｾ＠ ｬ｡［ｾｲｾ Ｎ＠ ｾｦ＠ the ﾷ ｾｲｹｾｴｾｬＮ＠
The Ｍ ｾｮｩｭｷｲ｡＠ t i_s ｪｵｾｴ＠ greater than _the :·aistance froin the: fixed point to the. 
｣ｲｹｾｴ｡ｬ＠ ·:rront face (ignoring the effe<?t of dead layers). 
The position of the front face of the active volume can be re,adily 
calculated if low energy ｧ｡ｾ｡＠ .rays are· ·used· .(i.e. 6o keV from· Ｒ ＧＪ Ｑ ａｾＩ＠ • · .. ｔｾ･＠
' . 
dominant -interaction is · photoelectric (Fig. 1.4) so that :· the ·calculation of 
the posi t .i on ｾｦ＠ the front .. :face . ｩｮｾｹ＠ assume total absorption for . each gamma 
ｬＢ｡ｹｾ＠
·lf J"'·: = photoelectric linear aba.orption coeffiC?ient for gamma rays 
·> .. 'of energy · E 
· And 
lo ｾ＠ .numbe_r ·ot ｧｾｭｬｮ｡＠ rays in -inc'iderit .beam 
,.& = di-stance between crystal ·front surface·. and "central · plane" · 
= 
Io--Ioie- ,\.4: P Ｈ･ｱｾ｡ｴｩｮｧ＠ ｩｮｴ･ｲ｡ＨＺｾｩ Ｎ ｯｮｳ＠ on each side of . 
the plane) · .. 
\ . . 
•••••• ｾ Ｚ Ｎ＠ eo.• • 
·'rhe ､ｩｾｴ｡ｮ｣･ Ｚ＠ to the- front .face is· ｾｨｵｳ＠ ｴＭＰＮＶＹｾＯｦｴ＠ : . tor .. 6o ·keV ｧｾｭｭ｡＠ ·rays, 
re.ducing .to t Oo54 nun. 
The results obtained using these techniques· relat$ to parallel 
boain c-onditions _and at·e also. ·useful :for ｡ｰｰ｡ｩＧｴＺｾｴｵｳ＠ configurations with 
... 
':.' .. ;·, 
,, : 
d.ifficul t experimental. accasn and ｷｨ･ｲｾｾ＠ the ｩｴ Ｑ ｲｯｴＺＮｵＢ｣ｾ＠ of gonmtn i"nys ia somo 
distance from the ·detector. 
The accux•acy. of Ｎ ｾｨ･＠ ﾷ ｴ･｣ｨｾｩｱｵｾ＠ ultimately deJ?ends upon the .accuracy 
of . .the distance measurements ·and . in the present work ' was ,approx:ltni,\tely 1 mm. 
ｾｱＴ ﾷ＠ Calibration of a . Ge(Li) Spectrometer for Efficiency and·Linearity 
The use ot gamma endtting isotopes of accurately knoWn .energies 
and . ｩｮｴ･ｮｾｩ＠ ties allO\fS detel"mination Ｐｾ＠ eff·ic.iertcy Of . ､･ｴ･｣ｴｾｯｮｾ ﾷ＠ .· and . the 
response wft.h ·enei .. gy (linearity), ｳｩｭｵｬｴ｡ｮ･ｾｵｳｬｹＮ＠ Calibrations have been 
·reported using variO'i.IS radioisotop.es t the desir.able cr.i ｴ･ｾｩ｡＠ being .a long 
half life 9 a l1ell ltnown decay scheme, and eas,ily and cheaply obtainable in 
standard ｦｯｩｾｭｳ＠ and quanti ties. Appendix I I 1 i sts some ｳ ﾷ ｯｾｲ｣･ ﾷ ｳ＠ that· have 
'been found suitable for calibrati.on. 
For a wide· energy range ( 188 keV to 2'l.tJ.t8 keV) with one source, the 
· use of 226Ra in equ:i.libriutn with its daughter ｬ［ｾｯ､ｵ｣ｴｳ＠ allows a ra,pid ·cali..; 
·}?ration (\•Talford . and Doust 196.8). ·The energies and r .elative intensities 
' . ' . 2'.>6 . . . . . . ＧＨｔｾ｢ｬ･＠ 4G 1) 9 of ｾ＠ ... Rn in equilibrium with its daughter· ｰｾｯ､ｵ｣ｴｳ•＠ have ﾷ｢･･ｾ＠
､･ｾ･ｲｭｩｮ･､＠ by Dzelep.o"' ｡ｮｾ＠ ZhUkovsky ( 1958) , . using ･ｬ･｣ｴＱｾ Ｎ ｾｮ＠ recoil measure-
ment . ｾ･｣ｨｮｩｱｵ･ｳ＠ and more recently by \vallace and Coote (1969) and ｌｩｮｧｾｭ｡ｮＬ＠
1\.onijen, Polalc and \'lapstra ( 1969 )' who measured the ｧｾｮｵｮ｡＠ ｲｾｹ＠ ｩｮｴ･ｮｾｩ＠ ties 
directly. 
'!'he use o:f rad.iun\ has the following advantages:-
1) ·rhere are nt least ｾｴＶ＠ peaks available ｦｯｾ＠ use . an<l the calibration 
may ba ·.undertal<.en \'lith orie pulse ｾｴｮｬｬｬｩｴｵ､･＠ ｳｰｾ｣ｴｲｵｭＬ＠ thus ｡ｶｯｩ､ｾｮｧ＠
errors due to cx•oss calibration of' spe.ctra. 
2) Its use is tno:t"e. ｲ｡ｰｾ､＠ than tha·t of n1ultipl'-l sources cilid docs not · 
· :· .t .. equire the · maintenance of a large · stoclt of sources .. · 
:;)' . 'l'he ｨ｡ｾｦ＠ ﾷ ｬｾｦ･＠ of ｾ ＲＶ ｮ｡＠ ( 1620 years), is ﾷ ｳｵｾｦｩ｣ｩ･ｾｴ＠ to el'iminate . 
·any problems due to radioactive decay;· so iong as equilibrium has 
been es.tablished. · 
Hm'lever 9 there are the following disadvantages: ... 
1) 'l'he radium source available has Pt/19%Ir encapsulati.(>l'l so that 
. a subE,tantial . correction i1as t.o be made for attenuation of the 
gamma · ｸ•｡ｹｳｾ＠ , Irl Ｎ ｾ､､ｩ＠ tion., the ·encapsulation cau$es a continuum 
:Ln ｴｨｾ＠ spectrum, due to primary interactions in 'the encapsulation 
i•eaching the detectoro 
. ' . . ' /'· · .· . . ·. ' 2':>6 
ｾＬＮＬ＠ ' ｈ･ｲ･｡ｦｴＨｾｴﾷ＠ · tet•med "'"' H.a . source 
ｾ＠ . ·-: : ... : . ｾ＠ . . : .. . 
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7.0 
1'nblo 4.1-: 
ｾ｜＠
ｾｾｾＡｬｬＡ＿ｾ｛Ａｾ Ｎ ＬＡＡ［ｮｾｲｹＮｾＮｾｾ＠ ｴｵｾ､＠ In_.ter1si"t:les· ot' ｾＡ＠ .. ｾｭｭ｡＠ Hats observed 
. !:£21!!_:.2 Ha.J.!:I. ｅｱｾｾｊＮｩ｢ｲｩｵｮｩ＠ wi_th its Daugl!ter P1"odt1cts 
--
ｾ＠ ........... 
· ｅｮｾｲｧｹ＠ (keV) ' Is per ＲＲＶｾ｡＠ Energy (keV) Ys per ｾＲＶｒ｡＠､ｩｳｩｾｴ･･ｲ｡ｴｩｯｮ＠ .. disintegration 
188eO o .. oL1 ＪＱＱＲＰＮｾ＠ 0.116 
ＲｾＱＬＮＹ＠ Oo105 1155·3 0.0.'18 
2S6o9 · Oo052 1207.'8 o.oo6 
Ｍ ｾ＠ 295&2 Oo 189 . ·*1238.2 O'o06o 
. ＳＵＲｾＰ＠ ＰｾＳＷＷ＠ :· 1281o1 0.017 
396.,;s 0.01:5 . lfl137"'l• 7· o.o48 
ｾＱ＠ .. / oO o.,oos 14o3. 1 o .. o4o 
.. 
. 4:50o0 0.010 1509.3 0.022 
... 
l.r:65·oO Oo150 Ｍ ＱＵｾＮＺ［ＮＺ［＠ ·0 .• 008 
. ＱＺｾＺＸＵＮＰ＠ Oo015. : 1583.3 0.011 
5"11o0 Oo013 1;6()5.·5 O•OOLJ: 
535o0 .Oo009 1668.8 . . q .• 010 
* 
ＶｯＹｯｾ ﾷ＠ Ｎ ｯ Ｍ ｾＩＺｾＺＷＱ＠ ＪＱＷＲＹｾＸ＠ o.o24 
.. 
665 .. 6 . 0.023 *1764.6 0.163 
703 .. 1 Oo008 1847.6 ＰｾＰＲＰ＠
719o9 0.007 1862.-1 .o.ooa . 
ＷｾＰｯＰ＠ o._qq4 19oo .. o· o.ob4 : 
... 
.. 
ｴＡｾ＠
·r6So4 0.053 2016. i. ·- ＭＭ Ｍ ｯ ﾷ ｾｯｯＱ＠
786oO · 0.012 . '20<)0.1 0.001 
806,.2 0.015 *2118.7 .. 0.014 . 
: 
· ' 837.1 o.oo9 ＪＲＲＰＴｾＳ＠ 0.052 
' 
885o0 o.oo4: *2294:.3 O.oOOl.a: 
9Jl.t:o2 o.o;s:; 21i23. 7 Oo002 
.960.oq · o.oo5 *2448.0 0.;016 
1052.-o . · Q.,005 
ｾ＠
-
* Sig11ifies those used :for ･ｦｦｩ｣ｩｾｮ｣ｹ＠ .measuren1e11ts · 
2) Dite tl'..) tlie 46 princi:Pai gamma· emissions, there is a lax·ge Compto11 
ﾷ ｾｯｮｴｩｮｵｭｮ＠ to be subtracted fl'"om the full energy ｰ･｡ｫｳｾＡＩ＠
ｬｨｾｴｯ＠ 1 ﾧＡＱＲＮＡＺＺｾｾＡｌＡＡＬ･ｾｰｾｮｳ･＠ ｃ｡ｬｩ｢ｲｾｴｩｯｮ＠ .. · ｾ Ｎ ＡＮＺＡＮｦｴ･｡ｲｩｴｽＡＩ＠
li":ig.. ｾｴｯ＠ 10 ｳｨ｣ｮ＾ｾｳ＠ a radi uin ,source spectrum ｯ｢ｴ ﾷ ｡ｾｩｮ･､＠ \-¥i th a . 20.5 cm3 
.. . 
ct .. ysta,l_ from · ｴＧｬｨｾｯｨ＠ ｾＶ＠ pealta n1ay be identified,. The 32 most pt"oaninerit · ot 
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· Measured ｷｩｾｴｨ＠ a 20 .• 5 em Ge(Li) Deteet,ox: 
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these co-vering the ･ｮ･ｲｧｾ Ｎ＠ r·ango 1.88 keV t<> 21•l.a:8 lteV are ｵｳ＼ｾ､＠ for the ｾｮ ｟ ･ｲｧｹ＠
calibl"'atioh of the spectrometers. For example, for one ｂｊ＾･｣ｴｲｯｮｴ･ｴｾｲ ﾷ＠ using . 
a ｣ｲｹｾｴ｡ｬ＠ of lJ:eO ltev · energy resolution and· ｡ｾ＠ actfve v.olume of 0.6 en-? 9 . a 
. . . . . . 
linear ·regression analysis yi9lded ·. a· ﾷ ｣ｾ･ｦｦｩ｣ｩ･ｮｴ＠ of 0 .• 999 but showed a alight 
eurvature _in the plot of energy 'against channel number. A second order. 
. pot'ynomial equat.i·on fitted .bY leas( ｳｱｵｾｲ･､＠ analysis gav.e the equation:-
· Where . E = energy of ｧ｡ｮｵｮｾ＠ ray in keV 
. i =channel number 
· · The differenc·e bet,.,reen the energy of a gaamna ray calculated from this 
･ＹＭｵ｡ｴｾｯｮ＠ attd that used· :in the derivation of the equation · .was in all ca::Jes · 
iess _than · 1qO% and was in 24 cases less tluin 0. 25%o These results i.lluatt"ate 
the ｾ｡ｬｾ､ｾ ｟ ｴｹ＠ of using a 226Ra source · to. ､ｾｴ Ｎ ･ｲｩｮｩｮ･＠ the variation: of Ｎ ｾｮ･ｲｧｹ＠
'. Ｑｾ＠ • 
w:l th channel number of a germaniuanl spec·trome.ter:. 
FQ;r the ｣ｾＬｊＮ｣ｵｬ｡Ｚｴｩｯｮ＠ of ·· t ·he· ;full energy_ peak Ｎ｟ ･ｦＧｦＭｩｾｩ Ｎ ･ｮ｣ｹ＠ -of ｴｨｾ＠ 1.\?:YStem 
otjly :th.e 1.6 most ｰｩﾷｯｾｴｩｮ･ｮｴ＠ peruui· are . used. Tlie .int·i·insic full ･Ｑﾷｵ［ＺＮｾｲｧ ｟ ｹ＠ Ｎ ｰ･ｾ＠
e .f:ficiency· it:t calculated .bY determini_ng the total number .ot counts ;ln ･｡ｾｨ＠
l:'eak (_excluding . those ｣ｯｾｾｴｳ＠ due to· ｴ ﾷ ｾｬ･＠ continuum upon which the peak 'tiil.S 
situated) and dividinp .this by the 'number' of garitma -ray.· ﾷＮ ｰｨｯｴｾｮｳ＠ of -that ' 
energy incident _upon ｴｨＨＺｾ＠ c_rys.tal. lt'or an absolute :full · anergy pealt effie-
ｩ･ｮｾｹ＠ calibration, the calibrating ｾｾｵｲ｣･＠ must be in ｴｬＩｾ＠ sattte posi tion:l · ht\Ve 
. . 
the same shape and encapsulation as ｴｨｾ＠ ﾷ ｵｾ｣ｮｯｷｮ＠ sources to be meaSUl"edo 
. Figo '*.o 11 shows· efficiency ｣ｾｬｯｵｬ｡ Ｎ ｴｩｯｮｳ＠ for .fi·ve ｴｹｰｩｯｾｬ＠ ｣ｲｹｾｴ｡ｬｳ＠
. . . 226 . . . . 
ｾ｡ｳｵｲ･､ ｟＠ with ｴﾷｾ､ｩｵｭｯ＠ To verify the ｵｾ･＠ Qf . · ·Ra, and the vtall attenuation 
calculations, one detector (37 cm3 ｳ･ｮｳｩｴｬＮｾ･ Ｎ＠ volurne) . was remeasu.red \'lith 
54,· 56 . 226 . . Mn, Co and a · further . Ra source ericapeulated in monel ·* metal. Fig., 
' . . ' . 
4o 12 shows the efficiency: ｣｡ｬ｣ｵｬ｡ｴｾｯｮ Ｍ fo·r this detector. .:tt can · be .seett 
that ·there is good a.green.lent of . results e 
The errors: of this technique originate .in the ｡ｾ｣ｴｩｲ｡｣ｹ＠ .of pealt measure-
me·l"lts and source ·calculat.ions. · Itl the worst case, (a .·sanall crystal \·lith a · 
poor pealt to Compton ratio) the . errors v·ary from · !·. 10% for a · low intensity 
. . 
pealt 011 a high continuum t9 ! ｾＥ＠ ﾷ ｦｾｲ Ｎ＠ a mor·e prominent-' ｰ･ｾ＼ｯ＠ .For larger 
ｃｬＢＧｙｾｴ｡ｬｳ＠ the deviations reduce _ to the range 7% to' ｾｾＵＥＮ＠ 0£ this, the '"all 
attenuation toierancci!S contribute ! :;% ··at. 188 iteV .reducing to I ＱｾＶ＠ at 
2L.t-4.8 lteV"' . ａＱｾ＠ experimental technique to ·verify the source wail attenuation 
. . 
:factor by angling the ｳｾｵｲ｣･＠ proved unsa.tisfactoryo 
ｾﾷ＠ ＬＺ ｾＹＥｃＧｬＡＧ＠ + : 50%Ni ･ｮ｣｡ｰｳｾｬ｡Ｚｴ･､ Ｎ＠ ｳｯｾｾ Ｌ ＼［･＠ b.orrot.,red :(rom RoEo Coles, 
. Ｍ ＺＮＭ［ｾｾ［＠ .. ｾＮ＠ · · · .... , ｾ Ｍ . .. ;. ::· .. ａｾ ﾷ ｜ｬｾＺｉｾＺｾ Ｎ Ｌ＠ ﾷ ＮａｩＮｃＺｩｾ Ｎ ｲｩｲｩ｡Ｄｴ ﾷ ｯｮ•＠ ... ﾷ Ｎ Ｚ ＮＺＺＺ ｟ﾷＢＢﾷｾｾＧＭＭＢＧＧＭ Ｍ ＭｾｾＢ ＮＡ＠ ｾ ＺＮＺＮ Ｎ＠ _ _. ..... _ <· . . ... _ _ Ｚｾﾷ＠ • .• •. Ｎ ﾷ Ｚ ﾷｾ ＭＭＭ ﾷ＠ >-"-" ·. , ; 
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ﾷ ｾｨ･＠ lptrinsic . Jtfficiency, Ｎ ｍ･｡ｓ｜ｬｬＢ･ｾｩ＠ ·tot F'i ve Detec.t.ors 
ｵｳｾｮｧ＠ ｴｨ･ Ｎ ＲＲＶ ｒｾ＠ ｾｯｵｲ･･＠
nominal 
sens'itive 
·volume 
ﾷｾ＠ ·.· 
·. ｾ Ｎ＠
. ｾ＠
0 .() t ........... ._ ___ , ._ I' ·, !JAI!B .. ｴｬｬＭｾ＠
0 . 1.0 ＲｾＰ Ｎ＠ 2., 
Energy ＨｾＱ･ｖＩ＠
·.l 
' i 
i 
! 
100· 
gf:ficie;HlCl .CnJ.ibrntion ·()f. · n. 37 . crh3 .Detector · 
. ...... " - J ., J• 5'• . 56 . ' ＡｾＲＶ＠ ' . ' . 
with ｾﾷｦｮＬ＠ Co ｾｵＱ､＠ Tw() . . Hn Sources 
1.0 ＭＭﾷＢＧｬＢＧｾＭＮＮＮ｟ＱＮ｟Ｌ｟｟＠ .a..l ____ _ ｾ＠ ..;....___;.,, ... ..J ........ ｾ＠ .. Ｍｾｾｾ＠ .. ｾ＠ ..... ..L .. _ 
1.0 3.o· 
Energy · (Mev) 
w 226Ra Pt/Ir encapsulation 
(;) . 226 Nonel. rn1capsulation na 
&J 51*Hn 
£ 56 Co 
'15 ·· ·. 
ｄｯｬｦｾｖＬ＠ Adam .nnd Kntriel ( 1969) point out · t.ha.t some gamma rays . 
ｾＲＶ＠ . . .. · . 
eiuittod f'rom n ""'"" Rn source are in cascade th•!reby givi.ng rfse to possible 
. sum coinci ､｣ｾｮ｣｣ｾ＠ ·pealts. The consequence is that even.ts rnt\Y be removed · 
from one peale and superimposed onto another in the ｾｰ･｣ｴｦＱＱｭＮ＠ For . example, 
a ·gamn.1a ray of energy 6o9 keV interacting at the same time as one of 769 keV 
results in a sum energy being rec9rded of .·1378 lteV •. · Nearly all the cas-
caded ｧ｡ｭｭｾ＠ .;rays are due t9 . 214,:Bi. : c6rrections in excess of 8% wou'id have 
to be applied to the efficiency curve if all the coincident· gamma rays ｾｲｯｭ ﾷＮ＠
ＲＱＴ ｾｩ Ｎ＠ were incidei1t upon the detector. . This would be so · ｩｾ＠ all the cascade . 
ｧ｡ｭｾ＠ rays were .emitted in exactly the same ､ｾｲ･｣ｴｩｯｮＮ＠ However, the angular 
Qorrelation of' ＲＱＱ ｾｂｩ＠ ｾｳ＠ such (Bishop 1958) that this is not the ｾ｡ｳ･Ｌ＠ and the 
true correction to be applied is less .than 0.001%. 
226 •. 
Irt conclusion, the use of a . Ra ｳｯｵｲ｣ｾ Ｎ＠ provides a .cheap and rapid. 
method for the .calibration· :of ··a germaniuri• ｾｰ･｣ｴｲｯｭ･ｴ･ｲＮ＠ The. long ＧＺＡＧｾ｡ｮ､ｩｮｧ＠
ｾＲＶ Ｇ＠ . . .. ·. 
·use ot "' lla for. ｭ･､ｩ｣｡ｾ＠ and ｩｮｾｴｲｵｭ･ｾｴｴ｡ｬ＠ ｣ｾｬｩ｢ｲ｡ｴｩｯｮ＠ has resulted in these. 
ｳｯＧＭＧｲ｣･ｾ＠ being readily available in standard forms in ｭ｡ｲＧｹ Ｎ ｬ｡｢ｯｲ｡ｴｯｲｩ･ｳｾ＠
4.5 ExPerimental Techniques for Cry.stal . Repair artd Processing_ 
The following ｰｊ•ｯ｣ｾ｣ｩｴｩｲ･ｳ＠ were adopted .for. use in this ｬ｡｢ｯｲ｡ｴｯｾｹ＠
in 'the mounting and optimi.sation of ｇ･ＨｾｩＩ＠ detectors·. 
4:.5.1. Etching 
Thi a process is used to pre pure the surfaces of r.t detector. just 
before it is .in()unted in a cry.ostat. 
features:-
All etch techniques .haye · the· Ｎ ｦｯｬｬｯｷｩｮｴＺｾ＠
I • 
1} · Strict cleanliness must be ma.inta.ined fot• ·all beah:.ers and 
equipment used. 
2) The crystal surfaces must be free of surface contamination, 
grease and finger-prints. Thi's may l?e imple-niente.d by pi"ior 
washing .. ｯｾ＠ the . crystal. in methanol and handling with tissues • 
:;) All c·hemicals used. ar.e ''analar•• gr.ad·e,, ·and .a .ll . othel"' liquids 
(e.,go dei()nised water) are ma'intai11ed a·s pure a.s I>OSSibleo 
ＯｾＩ＠ The time betl>'<?en the ･ｴ｣ｾｬｩｮｧ＠ and ｭｯｵｮｴＺｩＬｾｧ＠ of the crystal i'f.l 
a . minimuu1 and always less than 5 minutes., 
5) The final etched surface must. under 110 circumstances be touched., 
Paris rind Tr•e herne ( .19.68) have investigated the use . of protective 
. : 
. · ... 
··. 
t. 
t_. ｾﾷ＠ .... 
· . .: 
. . ... 
varnishes ai,rayed on. t ·ho detector ·attar etchlng. '1'hese 
ｨ｡ｖｾＩ＠ met Wi tJ'l· ｰｮｲＧｴｩｾｬ＠ SUCCeSS and h£\VQ potential if 
de'V'eloped f\l:rther.. 
Etching. was alway$ performed in the c'lean eltv:iroririlent Qf the 
polythene tamt shown in Fig. 4.13. ·neionised water ｩｳ ﾷ ｳｵｰｰｾｩ･､＠ from an 
ｮｅｬｧ｡ｾｴ｡ｴＢ＠ on top of ｴｨｾ＠ tank. ·on the ·left are the ｰｯｾ･ｲ＠ .- supplie.s tor · 
detector ､ｲｾｦｴｩｮｧ＠ and· on the right are Ｎ ｾｨ･＠ asbestos . ｣｡｢ｩｨｾｴｳ Ｎ＠ ｾ ﾷ ｃＺＬｮｴ｡ｬｮｩｮｧ＠
the drifting .appara:tus. · · 
A number of etch ｴ･ Ｎ ｣ｊＺｬｮｩｱｾ･ｳ＠ are avai.lable, .two . ｯｾ ﾷ＠ ·which ｨ｡ｶｪ ﾷＺﾷ ｢ｾ･Ｇｮ＠
Ｎ ｾ Ｎ ｾ･｣ｦｷｩｴｨ＠ ayerage ｳｵ｣｣･ｾｳＮ＠ 1'be .first is t.hat used by IJ:earnaley ·(19.61).-, · 
'i'he . second ·.is t llat devised · by De Wit and ·McKenzie ( 1969) ｾ＼ＱＮ＠ adopt:ed in this 
laborator'y by. Baker ('1970) ｾ＠
·.·.The first etch is as followss- . 
The detector is . placed in a polythene .. beaker. such· :that the intrinsic 
surfaces are free .of any physical Ｇｬ｣ｯｮｾ｡｣ｴＮ＠ The be'8ke.r is. now fi l ·.led . wi'th 
etch Ｈ｣ｯｮｳｩｳｴｩｮｾ＠ of . 3·: 1-, HN03: HF) ·to· ﾷｾｯｶ･ｲ Ｎ＠ ｴｾｾ＠ ｣ｲｹｳｴ｡ｬｾ＠ · . f\ · _large ｶｯｾ ｟ ｵｲｮ･＠
· should be used to pre:ve.nt : the ｾｴ｣ＡＧｬ Ｎ ｢ｯｩｬｩｮｧ＠ rapidly. :- Etching i ·s ｣ｯｾｴｩｮｵ･､＠
Ｚ Ｈｾｩｴｨ＠ continual ·agitation) until it is .just starting ｴｾ ｾＭ ｧｬｾ･ ﾷ＠ oi:'t· ﾷ ｢ｲｯＧｗｮ ＮＭ ｦｵｾｳ＠
. . . ·. . . .. . 
ﾷＨ｡｢ｾｵｴ＠ 3 - 5 minutes). . ｍｾｴｨｾｮｯｬ ﾷ＠ is now· ｟ ｴｬＶｾ､･､＠ into ·the ｢･ｾ･ｲ＠ to ｱｵｾｮ｣ｴｨ ﾷ＠ · 
the etch. . It . i$ . ･ｳｳ･ｮｴｾ｡ｬ＠ . not · t .o ･ｸｰｾｾ･＠ the· ｣ｲｾｳｴ｡ｩＬ＠ to ｡ｾｭｯｳｰｨ･ｲ･＠ at .this 
s:tage• . If th,is occurs • then the ｰｾｯ｣･ｳｳ＠ ﾷ ｾｳｴＮ ﾷ＠ be. r.epeated. · · ｄ･ｩｾｳＺｬｩｳＧ･､＠ :wa:ter. 
. . 
. ［ｩＮｳ ﾷ ｾｯｷ＠ poured into the ｢･｡ｬｴ･ｲｾ＠ flooding away the ｭ･ｴｨ｡ｮｯｬｾ＠ The ｲｾｳｩｳｴ｡ｮ｣･＠
. . . . . ' . ' .· 
of the overflow .water is monitored ｵｮｴｩｾ＠ it is above Ｍ ＱｍｊＧｌｾ＠ All· i.iq1Jids · 
should be ｰｯｵｲｾ､ Ｚ＠ .so a:s ｴｾ＠ ｾｶｯｩ､＠ air bubbles in the ｢ Ｎ ･ｾｴ･ｲＮ＠
. . . 
: The crys:tal is )··emoved a·nd laid ｯｾ＠ tissues; , ･ｾｾｵｲｩｮｧ＠ ｾｨ｡ｴ Ｌ＠ no 
. ｾｮｴｲｩｮｳｩ｣＠ ｳｴｩｲｾ｡｣Ｎ･ｳ＠ are ｴｯｵ｣ｨ･､ｾ＠ ·. ﾷ ｄｲｹｾﾷｨｧ＠ il;l ｾ ･ｴｴ･｣ｴｾ､＠ by a .jet . of ｯｾｹｧｾｮ＠ free 
nitrogen. The ｣ｲｹｳｴ｡ｾ＠ is now inounted ·in· ﾷ ｴｾ･ ﾷ＠ cryostat. The curves : sJ:lown· 
in Fig. 4..1 wer-e obtained·using this etch. 
The ｳ･ｾ Ｎ ｯｮ､＠ etching ｰｲ｟ｯ｣･ Ｎ ｾｵｲ･＠ used in ｴｾｩｳ＠ work: ·i·s similar . to ,the 
. above te.chnique. · The crystal is· tiooded with ｡ｾ＠ etch fl"tiid · corisi;stiilg ·of 
. ' . . . . ,' . . . . . . . {. ｾ＠
1:1, ｈｎｏＧｴｾｆＬ＠ ｦｾｲ＠ .. about :.; minutes.·. Again, no . exposure to ＮＺ ｡ｴｭｯｳｰｨｾｲ･＠ nn.ist 
occur · throughout· the etching ｡ｮ､ Ｂ ｱ｟ｕ･ｮｾＮｬｬＭｬｮｧ ﾷ Ｎ＠ The· eteh· is ﾷ ｷｾｾｨ･ ﾷ ､＠ ﾷ ﾷ ｾｷｾｹ＠ by 
several · litr.es ·of ·a solution of · 10gths ·1\a¢1 · per. litre ｯｦ Ｎﾷ ｾ･ｩｯｮｩｳ･､＠ water.-•. 
·.1.' ｾｾ＠ • 
· .After ｲ･ｭｾｶ｡ｬ＠ from ｴｾｾ＠ ｢･ｾ･ｲ＠ ·the ｣ｲｹｳｴｾｬ＠ ·i':3 placed · on ｴｩｳｳｵ･ｾ［＠ and ､ｲｬｾ､＠
with oxygen tree rd trogen. A mi 1ity ·deposit is ｯ｢ｾ･ｲｶｾ､＠ ＬＺＺ ｾｶｾｲ＠ ｴｾ･＠ Ｚ ｣ｲｹＬｊｴｾｬＬ＠ . 
in Ｎ ｾｯｾｴｲ｡ｳｴ＠ with the · clear sui"faces of .the first etch. The detector i.s 
now· rea.dy for mounting. 
.- : · . 
...... ｾﾷ＠ ; •. - ｯＡ ｾ＠ ｾ Ｎ＠ . ." ｾ＠ Ｇ ｾＮ＠ •' .-.·: . < ｾﾷ＠ ( ' : • ｾ＠ .. ｾ＠ ' . :/ .... 
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tli 
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Fig. 4.13 
Detector Processing Equipment Showing Drift Power Supplies 
(Left), Etch Tank (Centre) and Drift Apparatus (Right) 
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. 4.5.2 ·. 'J.'he :·t-1ounting of the · Detector- in the Cryostat 
The principle of mounting is · simpl_e, but is critical in ｡｣ｨｩ･ｶｾｮｧ＠
·the full- potenti'al · ｰ･ｲｦｯｲｾ｣･ Ｎ＠ of __ the . detector.. ·The two essential .features 
are .cleanl.ine'ss in- handling arid· the time . taken· in mounting. 
Goulding .(1966) bas observed· that the ｦｩｮ｡ｾ＠ etched surfaces are 
sensitive . to the atmosphere in which _ the ·detector is mounted. ExcesS,ive 
humidity result$ in ､･ｧｲｾ､｡ｴｩｯｮ＠ and ｮｯｲ｡Ｍｲ･ｰｾｯ､ｵ｣ｩ｢ｩｬｩｴｹ＠ ｾｦ＠ performance, 
. . 
and clearly the time the crystal -spends at atmosphere ｾｨｯｾＭｬ､ ﾷ ｢･ Ｎ＠ minimised 
to-avoid these -effects. Hence -the: cryostat should be near the etching · 
facility and ·attached . to· a· pumping syfJtem so t-hat it may be evacuated iwned- . 
iately the end cap is-_ b_ol ted. on •. 
Fig. 4.14a is a ｰｨｯｴｯｧｲｾｰｨ＠ of a mounted ·so cm3 -coaxial ､･ｾ･｣ｴｯｲＮ＠
-Diagram 4.14b shows the .mechanical ar-ra1;1gement. The detector-is pressed 
·into the_ indium 'pads for ｧｯｯｾ＠ ｴｨ･ｲｭ｡ｾ ﾷ＠ ｡ｾ､＠ ･ｬ･｣ｴｲｾ｣｡ｬ＠ contact, ｡ｮｾｾ＠ ｾｰｲｩｮｧ＠
on a perspex block establishes a ·high· .tension Ｎ ･ｬｾ｣ｴｲｩ｣ｾｬ＠ c.ontact t .o ·_the 
ｰｾ｣ｯｲ･Ｎ＠ The detector ｾ｡ｳ ｟＠ piaced :j.n ｴｨ･ ｟ ﾷ｣ｲ｡ｾｬ･ ﾷ ｷ ｟ ｩｴＮＮＭＮ｟＠ tissues,_ Ｎ ｣ｯｾ ｟ ｴ ﾷ ｡｣ｴ＠ ｾｩｴｨ＠
the intrinsic surfaces being ｡｢ｳｯｬｵｴｾｬｹ Ｍ ｡ｶｯｩ､･､Ｎ Ｎ＠ The cryostat is that 
discussed in section Ｎ ＲｾＳＮ＠
\Vhen the qetector is under vacuum it is ｡､ｾ｡ｮｴ｡ｧ･ｯｵｳ＠ · to perform . 
a abort electrical cold dri:ft to all'ow a thorough. ｯｾｴｧ｡ｳｳｩｮｧ＠ of surfaces, . 
as well . as irnpro.vement of compensation. · ·. 
Liquid nitrogen_ is·_ ｾ､､･､＠ when the ｣ｲｹｯｳｴｾｾ＠ ｰｲ･ｳｳｵｲｾ＠ ｦ｡ｬｬｾ＠ below 
10-'*toJ,"'r after the -ion pump -has ｾ ｢･･ｮ＠ ｾｷｩｴ｣ｨ･､＠ bn. The detector can take · 
· several pours to stabilise at 77°K and. ｩｳ Ｎ｟ ｬ･ｦｾ＠ ｯｶｾｲｮｩｧｨｴ＠ before ﾷ ｣ｯｾｴｩｮｵｯｵｳ＠
use<ls considered. 
!h5•3 The Electrical Cold Drift. 
\. 
'· 
., 
'> 
The principle .of· coid drifting has· been di ｳ｣ｾｳｳ･､＠ in- s -ection 1.5.1 · ·. ·. 
• .. 
. . .. · . . . 0 . 0 
and is carried out at ·a temperature .approximately •10: C .to .O p, with a 
voltage of about 100 volts/inm i'n the depletion· ｲ･ｧｩｯｮｾ＠
\>/hen a detector is ｢ｲｯｵｧｨｾ＠ .. ｡｢ｾｶ･＠ ｾＲＰﾰｃＬ＠ .li:t-hium precipi tnti_on is 
. ｡ｬｾｾ｡ｹｳ＠ ｾｮ＠ evi-dence at a ra'te ､･ｰ･ｮ､ｩｾｧ＠ .upon the condition of 'the detect·or. 
-During a cold· drift thc:_ compensa·tion· is ｩｭｰｾｯｶ･､＠ at· a ｲｾｴ･＠ whie)l is' .dependant 
upon . the ･ｦｦ･｣ｴｾ＠ veness o'f'_ the cold drift ｣ｯｮ､ｩｴｩｯｮｾ＠ t and the rate of precipi-
_:.:;;. 
ｾ｡ｴ ﾷ ｩｯｮＮ＠ The leakage current unde_r · ｲｾｶ･ｲｳ･＠ bias is thus a combination of 
ｴｾｯ＠ components, one ｩｮ｣ｲ･｡ｳｩｾｧ＠ ､ｾ ﾷ ･＠ to ｰｾ･｣ｩｰｩ ｟ ｴ｡ｴｩｑｮＬ＠ ｣ｾｵｳｩｮｧ＠ los_s of compen-
sation• the other ､ｾ｣ｲ･｡ｳｩ ｟ ｮｧ Ｎ＠ -duc;t ·to the cold : drit:t improving compensation. 
· .· ... , •.·· . • • · ! 
..__ .. -------'--'-· . -
' . • ·, ｾＮ＠ . . . . . i . . . 
.. , ·\· 
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Fig. 4.14a 
A 50 cm3 Detector Mounted in its Cradle in the Cryostat 
Fig. 4.14b 
ｅｸｰｬｾｾ｡ｴｯｲｹ＠ Diagram o£ the Detector Mount Shown in Fig. 4.14a 
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The conti·nuution of cold dr.i':rting . is advantageous while the nett current 
falls. · Ul timaiely t .he degree. of ｣ｯｭｰ･ｮ｡｡ｴｾ Ｎ ｯｮ＠ reaches ·. a max.imum for the . 
drifting c.ondi tiona when the current reaches a minimti.m · al)d ｴｾ･ｮ＠ slowly 
The drift ·is te!rminated at ﾷ ｴｾｩｳ＠ ｰｯ Ｎ ｾｮｴ＠ and the crrstal cooled to 
The current flowing during t·b:e cold Ｇ ､ｾｩｦｴ＠ .has been found 
" 2 . ' . . 
to .be approximately 1 - 2· lilA/em ｾＩｦ＠ i - p . ｾｵｮ｣ｴｩｯｮ＠ area. . ｎ･｡ｾ Ｎ＠ ·perfect 
diode characteristics must be obtained· :i. f good results are to be expec::ted .• . 
A resistive siope indicates ･ｸ｣･ｓｾ＠ .leakage . paths not asso.c:lated wi .th a good 
diode structure. . A detector ma.y .c .ommence cold dl"ifting ｾｩ＠ th a positive 
slope which should be flat at the termination ·of dri·ft. This is indicative 
of improved compensation • 
. ··Fig. 4:.15 shows the variation of ｬ･ｾ｡ｧ･＠ .current with time during 
a cold drift, applied to a detector: that .had accidentally returned to. room · 
temperature. The tninimt.lm current · levei ·may ｢ｾ＠ clearl.Y seen. The detector, 
a ·o.6 ｣ｾ Ｓ ﾷ ｣ｲｹｳｴ｡ｬ＠ with ｾＺｾＺ ﾷ＠ kev ｲ･ｳＮｯｩｵｴｩｾｮ Ｎ＠ at ｾ｣ｯＬ＠ had ｲｾｭ｡ｩｮ･､＠ at room ｴｾｭﾭ
ｰ･ｲ｡ｾｵｲ･＠ unbiased for about a. hours with a ｲ･ｳｵｬｴ｡ｾｴ＠ Ｎ ｲ･ Ｇ ｾｯｩｵＺｴｩｾｮ＠ ､･ｧｾｾ､｡ｴｩｯｮ＠
. . 
to 8 keV. The detector characteristic was fully restored to 4: ltev· ﾷ ｲｾｳｯｬ• Ｎ ﾷﾷ＠
uti on. 
The dur·a:tion of the 
as it depends entirely on the 
.. 
In ｧｾｮ･ｲ｡ｬＬ＠ about · 30 minutes 
tor remains unbiased at· room 
cold drift is 
germanium and 
cold drift is 
temperature • · ' 
difficult. to decide in advant;le 
the history ·of the detector. . 
' . 
applied £or every hour the detec-
For ｦｲ･ｾｨｬｹ＠ 4rifted ､ｯｴ･｣ｴｾｾｳ＠
cold .drift ｴｩｭ･ｳ Ｎ ｯｾ＠ a few .days may be ·applied. Periods in excess of this 
can degrade the crystal due 'to . ｴｴｩｾ＠ in9rensing amount ｯｾ＠ I>l"'ecipi tation • 
. . An exact .control on a ｣ｨｾ Ｎ ｡ｮＭｵｰ＠ drift ｾＤ＠ possible if . t .he .c·x·ystal 
.. 
carl be maintained at u precise temperature. For larger crystals this ｴｮ｡ｾ＠
be difficult .as an apprec·iable anaount of pow.er ( V'30 ｷ｡ｴｾｳＩＮ＠ may be dissi- · 
pated (Ridley 1968). · qonstant . ｰ ﾷ ｯｷ･ｾ Ｎ＠ supplies ｾｲ･＠ ·required t.o balance. the 
· pol•rer. dissipated in the crystal with the ·available cool.ingo Unless thia 
is achieved, no currei1t minimum is obs.erv·ed · and the. time ·of · cold drift 
becomes indefinable. !11 ｴｨｩｾ＠ i'nst-ance, care has .to be ｴｾｴ･ｮ＠ to tivoid 
excess drifting, 1 .. esul ting in gross . precipi'tation.e This was t·he case for 
one ､･ｴ･｣ｴｯｬｾ＠ in this ｬ｡｢ｯｲ｡ｴｯｲｹｾ＠ The detector shown ｾｮ＠ ｾｩｧｳＮ＠ 1.;.1 9 l1:e2, 
｜ｴｾ｡ｳ＠ cold drifted \'lher1 freshly niounted for ｡ｰｰｾｯｸｩ｡ｮ｡ｾ･ｬｹ＠ :;o hours · at a · current 
appl"oximately 1, "'' 2 mA l'li t 'h a 2.50 vol.t bias. · The detector '"as maintained 
with difficulty at about o°C ｵｳｩｾｧ Ｎ ｳ｡Ｎｬｴ･､＠ ice water· and no current minimum 
: ':· 
. ' ·,. ·., ., 
. _::_. 
.... , ._,_., . 
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l•'ig .•.. 4!.!2. 
Variation ot l . ..eakage cJ.rrent with ｾｲｩｭ･＠ at 240 Volts Bias ＭＭＭＭｾｾＭＭｾＭＭＮＭＭＭＭＭｾＭＭｾＭＭｾｾＭＭＭｾＭｾｾｾｾｾ ｾ ＭＭＭＭｾＭＭＭtor 'a Ｎ ｯｾＶ＠ cm3 · Detector at Ｍｲｯｾ｣ Ｎ＠ to J!!<Jpv.er Los!3 . .o! Comeensation 
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at ｴｬｾｩｳ＠
poirit 
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I 
I· 
·was observable. •.Iowever, · the de'tector . condition was much improved·. 
li'ig. l1.1 and l1. 2 sh0\'1 the changes in cupaci ty and ｬ･｡ｫ｡ｾ･＠ resulted i11 a 
.r-esolution improvement . from 12· to 8· keV •. . A further colt\ ､ｲｾｩＧｴ Ｎﾷ＠ of 3 days 
. . . 
duration :resulted :Ln excess precipitation artd the resolution being ､ｾｧｲ｡､･､＠
to 15 l<.eV • 
.4:.5.l.t: ﾷ ｒ･｡Ｎ｣ｴｬｹＬｊ｜ｴｾ＠ of. Lithium 
The phenomenon of ｬＺｩＮｴｾ［ｩＮｵｭ＠ ｰｲ･｣ｩｰｩｴｾｴｩｯｮＭ is described in section 
\Vhen t .his has caused a loss of p9rformarice it is necessary to re• 
activate the lithium by breaking the li thiulrt.,.defect and li thiut.n-impuri ty 
bo:nds ·by .heating ｾｨ･＠ ､･ｴ･＼Ｎｾｴｯｲ＠ to .appro:ldmately :;8o0 c. · As this temperature 
is sufficierat fol" tlui, diffusion ot lithium· into. ｴｨｴｾ＠ n-layer, it is·· aclva11..; 
tageous · to. do this at the same. time. ·In this caso 9 the detector may be 
electrolytically red:l:f'ftised wit·h lithium as described by Haker ( 1970). 
Fi'g. 4•16 shows the diagram of a furnace.constructed for the 
ｲ Ｎ ･ｾ｣ｴｩｶ｡ｴＮｩｯｮ＠ of precipitated lithium .. The main design Ｎｲ･ｱｵｩｲ＼ｾｭｾｮｴｳ Ｎ＠ a:re 
uniform heating, · cleru1liness to pr.ever1t the diffusion of imp,uri ties into 
the crystal and an ·inert. ｡ｴｭｯｳｰｨ｣ｾｲ･ ｾﾷ＠ to . prevent ｏｘｩ､｡ｴｾＰＱＱ＠ ｱ Ｎ ｾ＠ CJ;'YStal SUrfaces. 
Thermocouples are embedded :i.n the furnace Ｎ ｷｩｮｾｩｮｧ＠ ｡ｮｾ＠ the windings ·are Ｎ ｡ｾｲ｡ｮＬＮＮ＠
ge(i to give a 'uniform heating profile over the centre por:tidn C?f. ｾｨ･＠ tube. 
TI1e detector is steadily heated to 380°C ｯｾ･ｲ＠ 30 minutes, to ｲ･､ｵ｣ｾ＠
. . 
stressing of the crystal. .· Helium is ｰ｡ｳｳ｣ｾ､＠ through the quartz tube, the 
rate of which is varic)d to give .fine heating control o The coarse control · 
is .. via a Variac transformer in tlte heating c:t.r:cuit. 'rhis temperature is 
mai11tained for approximately 20 minutes (reconnuenda.tions from pane_l.· disctat:-J•• 
aion at Iapra conference 1960) and ｴｨｾｾｮ＠ the dete9tor ia ··cooled alO\'Ily to 
room temperature o;ver tlie course of an hour" 
In the discussions at ·the .lspra Cortference 1.968 , . it \'lt\a ｣ｏｬＧｬｳｩ､･ｲｾ｣ｬ＠
that the:! lowest possible tempel"'ature shoulci be usc:!d in diffusion and r.e .... 
activation· (v .... ［ｳＸｯ Ｎ ｾｃＩＮ＠ All heating cycles have · been :found ·to be de·trimental 
to the germanium i11got qualities and ｨ･ＱＱ｣ｾ＠ the tempe:a."ature used arui the 
number of ｣ｹｾｬｾｳ＠ ｭｵＺｾｴ＠ be minim:Lseclo 
Figo '*o 17 is a ·photograph of. tl1e completed ·furnace sholdng ｴｨ＼Ｎｾ＠ · 
quartz tube p:t"otr·uding £1·om the end ''fallo 
\'Ihen the crystal has cooled, . it ｾｳ＠ etched, re .. ftdrlfted for a. Phort 
t:tme ·(apprmcimat.eJ.y six hours),- and then cold dr:i.fteci· for t\oJO to three days 
pr:lo.r to its mount-:i.ng :tn ·the Cl"'yosta.t Q 
end 
stainless 
Figo ｾｯＱＶ＠
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4.-6 ·operational Ru1111ii'lg g;xperierice 
·The stability of a Ge(Li) spectrometer is of grqat significance 
· wh.en it is consi.dered that a gain· drift of 0.1% . can ｳ･ｲｩｯｵｾｬｹ＠ degrade .tbe 
_expected. resolution a ｖ｡ｲｩ｡ｴｩｯｮｾ＠ of. ·this J(ind or.i.ginate ｦＺｾＺＭｯＱｮ＠ electronic 
compori.en'ts of the spectrometer._ It is also ｩｾｰｯｲｴ｡ｨｴ＠ to cons:i.der the 
possible changes due to 'the variation o£ ｣ｨ｡ｲ｡｣ｾ･ｲｩｳｴｩ｣ｳ＠ of a ·mounted 
､･ｾｾ ﾷ ｣ ﾷ ｴｯｲＮ＠
4.6.1 Short 'l'erm . Variati'ona 
'l'hese inay ｢ｾ＠ expected from a detector in the f:i.rst fe\1 hours of 
its mounting due to its · stabilising to_ llquid· nitrogen ten1pera:tur.eo 
·a weel'-t thA ､･ｴ･ｾｴｯｲ＠ Should be reasonably_ consistent in performunce,. 
·. No random short term variations in performB:nce have beeit observed . 
:i.n established Ge .(Li) spectrometers ·that .are dilftectly attl"ibutable to the 
detector. 
1:! •. 6.-2 · ｌｯｾｳ｟ｔ｟Ａｦｾ＠ .. ｖＡＮＡＺＬｩＮｾｴ Ｎ ｩＮｾ＠
If a ,: detector is maintained continuously at liqu_id ｾｩｴｬＢｯｾ ﾷ ＿ｲｬ＠ tem-
ｰ･ｲ｡ｴｾｲ･ｳ ﾷ＠ then there can be no increase in trapping ｬｾｶ･ｬｳ＠ observed· (exclud-
ing "t-l_1e $ffects of radiation ､｡ｭ｡ｧ･Ｉｾ＠ : No ､･ｴｾ｣ｴｯｲ＠ failure _or deg·radntion 
wi.th ·time has been observed. Anders - (19(:,9) · has ｯ｢ｳ･ｲｾ･､＠ a reducttion o:r 
pulse hei-ght output for his· detectors .. Ofi 1% pe.r year. ｈｯｴ＼ｾ･ｶｾｲ＠ 9 ｾＱＱ＠ . de tee-
tors in this laboratory have undergone slow improveritent e ·1.'his is attri-
buted to outgassing of ｴｨｬｾ＠ detect.or surfaces l\nd a very · gradual compensation 
ｩｭｰｲｯｾ･ｭ･ｮｴ＠ due to the· continuously applied biaso 
of the leal<age current of one crys·tal at constant voltage measured over a 
peri.od . of. months_ • . It was generally found to be roughly halv·ed in . .ttv-o 
mo11ths, a ｰ＼Ｍｮﾷﾷｴｯｮｵ｡ｾ｣･＠ ｾｹｰｩ｣｡ｬ＠ -of the · other .detectors used., 
I1"i g.· l1., 19 ｳｨｯｾＧｾ＠ the ｰ･ｲｦｯｩｾｮｵｾＮｮ｣･ Ｎ＠ variation <).f · a 4o cu? ｴｬＢＧ｡ｰ･ｺｾｾ､｡ｬ Ｎ＠
､ｾｴＮ･｣ｴｯｲＮＬ＠ Initially, the working voltage was 1300 volts l-ti th ＲｾＰ＠ Jftl\ ｬｾＱ･ｩｬｴＮＮＺ＠
age current and a resulting performance of · 3o2 ·keV ,fith a peak -height to 
Compto11 edge ratio of .16.: 1e ·In one \'leek the_ current had .reduced to 0.15 .nA 
and . the_ Ｍ ｾｲ･ ﾷ ｡ｬ＼､ｏｬｭ＠ point ｾ｡ｳ＠ ﾷＮ ｾＰＰ＠ volts higher. As a ·result, Ｂｴｨｾ＠ ｾ Ｍ ｾｾｾｦｯｲｮｬＤｽＧｩ｣･＠
. of the ｣ｩ･ｴｾ｣Ｎｴｯｸ•＠ was ｾ｡ｮｰｲｯｶ･､＠ to 2. 5 keV. td th a peak to Compton .ratlo of 22s1. 
Any disruption of the liquid ni troge11 :fillittg routine may lead 
·to the ' detector returning to room temp-erature. '!'his is frequently accom-
j 
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panied with a ra'sul tant ､･ｧｾ｡｣ｩ｡ｴｩｯｬＧｬ＠ of yacuunr. Accidental warm .... ups have 
occurred twice in this laboratory and in OflCh case the detector· was satis-
factorily recovered. 
Recovery depends upon: ei iller a. ·rapid fai1i t diagn<>sis and immediate 
ｴｲ･｡ｴｾ･ｮｴ ﾷ Ｌ＠ or a rapid return to iiquid nitrogen . ｴ･ｭｰｾｲ｡ｴｵｲ･＠ for an exact. 
assessment of ｴｾ･＠ damage to ｰ･ｾｦｯｲｭ｡ｮ｣･Ｎ＠ In the :C·lrst ﾷ ｾｃｩｳ･＠ the 0. 6 -en? . 
Ｈｬ･ｴ･ｾｴｯｲ＠ Ｈ､･ｾ｣ｲｩ Ｎ ｢･､＠ in section .4.,5.3) ﾷ ｷ｡ｾ＠ inmtediatelr cooled and a spectral 
ar1alysis tal<:en. .The cold. drift . (Fi-g., .4.1.5) completely . recovered Ｎ ｩｴ Ｎ ｾ ﾷ＠ perfor- ·· 
mance. In the second case, a ? .. ｌｾｴ＠ cm3 ､･ｴ･｣ｴｯｾＬ＠ a short half ... hour ｾｬ･｡ｮ＠ up 
ｾｩｦ｡ｓ＠ performe.d on the detector ·while it \'IC\S still at ·roont temper atureo · It 
was found on cooling that no · loss of ｰ･ｲｦｯｲｭｾｮ｣･＠ had occurredo It is inter;. 
estirl.g to ｮｯｴ＼ｾ＠ :that no ｲ･Ｍｾｴ｣ｨｩｲｬｧ＠ ,.,as n(ltCeS$ary in ei th'er case due to · the 
:o.6· cm3 ､･ｴ･ｾｴｯｾ＠ ... being ･ｮ｣ｾｰ｡ｵｬ｡Ｎｴ･､＠ ·and the second detector· being mou.n:ted in 
a ｴｴ ｪ ｾｲｯｵｧｨｬｹ＠ cleaned and outgassed cryostat. 
Detector repair is possible w·:l th .the 'diagnostic and ｰｲｾ｣･ｳ｡ｩｮｧ＠
ｴ Ｎ ･ｾｨｮｩｱｵ･ｳ＠ dis9uased in this chapter..· ｬｾ･｣ｯｶ･ｾｹ＠ is si mplifie.d ｣ｯｮＮＱＳｾ､･ｲ｡｢ｬＺｹ＠
.with the: initial use of' good ·cryoatats and w·ell etcheid detectorao 
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5.1 introduction 
In the early measurements on Ge(Li) detectors in this and other 
laboratories it ht'\S become apparent . that sonte cletectors ht\d an ･ｦｦｩ｣ｩｾｮ｣ｹ＠
smaller than that expected from their sizeo This i::s now ･ｸｰ･ｲＺｴｭｾｮｴ｡ｬｬｹ＠ · 
corifirn,ed ·(\valford and Doust 1969). The ef:ficiency of a Ge (l,i) .detecto!" 
is l0\1 compared with Nai (Tl) detectors and hence an ·addi-tional efficiency 
reduct'io11 represents a significant counting .limitation (section 6.5 ol.1:)., 
· ·:·· --. 
Monte Carlo calculations are ｳ｡ｴｩｳｾ｡ｾｴｯｲｹ＠ for Nai(Tl) detectors 
(Zerby 196o and 196:3, Zerby and Moran 1962 a1'ld Heath 1964) where · the shape 
is accurately specified and ·the physical processes satisfactorily understoodo 
Their use in prediction of efficiency ｾｬＱ､＠ other. ｰ｡ｲ｡ｭｾｴ･ｲｳ＠ has ' now been 
applied to Ge (Li) detectors (\,lanio. and t(nol.l 1966; de Castro Faria and 
ｌ｣ｶ･ｾ｣ｴｵ･＠ 1967; Hotz, ｎｾｴｨｩ･｡･ｮ＠ und . ｈｵｲｾ･ｹ＠ 1965) but. these ｲｯｱｵｩＱ ｾ ･＠ accurate 
ｬｴｬｬｯｗＱＨｾ､ｧ･＠ of the dimensions of tho aensi t :l ve volume a.r1d . ｣ｾ［ｲｲｴｵＺｴｮ＠ fiSf.mmptionr::l 
about the detector m0-teria.l. . In ｰ｡ｲｴｩ･｜ｾ＠ lar·, unknovin ｦ｡｣ｴｾｲｲＺＧｬ＠ such arJ trnpp-
.ing Ｎ ｾ［ｭ､＠ possible losses :ln ､ｩｳｴｯｲｴ｣ｾ､＠ electric fields invniidate the theoret-
:lca.l approach. Consequently, nn ･ｸｰ･ｲｩｮｭｭｴｴｾｬ＠ ｭｾｴｨｯ｣ｬ＠ has been used to 
measure the efficiencies o:f a number of crystalso As only "a fe\-t crystals 
\'lere available in the laboratory it \'las necessary to ｣ｯｾｯｰ･ｲｲｩＮｴ･＠ l1i th other 
,.,orlters to · collect additional data., ·Furi:her experiments with certain 
crystals and collimated gatnma rays were then made to attempt a determination 
of the origin o{ the efficiency defecto 
The efficiency of detection :i.s . a significant parame:ter ｰ｡ｲｴｾｩ｣ｵｬｵｲｬｹ＠
in the detection of weak activities (section 6.o5.,4) and merits :lnvestigationo 
ｬｾｸｰ･ｲｩｭ･ｮｴｳ＠ Ｇｾ･ｲ･＠ unde·rtalten -to measure the vnriat'ion of efficiency 'l.d th · 
source volume. It is also shown that careful des:l.gn in f-lOUl."Ce om detector 
geon1etry can result in considerable iti1provement .. 
5. 2 Kfficiency Defects .J!2.. ｇｾ＠ .. ｾｌｩＩ＠ Detecto!"'.! 
Confusion often ｡ｾｩｳ･ｳ＠ due to the loose def'il'litiol:l of efficie1'1CYo 
In this thesis, the follo,'ling defini tior1s are usedg-
1) Absolute Full Energy Peak Effic:lency ( ｾｦＧ･｜＠ ) = ｾｾ＠
2) 
3) 
Ｎ ｾ＠ • • ' . ｾ＠ ' .::. ' ' ' {'l " ｾ Ｍ Ｍ '•,< • 
ｾ＠ ... Ｍｾ＠ ' ... 
....... .. ; :: . • 
Whet .. e Nt = ntimbel .. o:r COttnt:"!l received :ln . the fUll energy 
peak per \tni t .ttme representing energy Eo' 
N2 ::: ｮｵｾ｢･ｲ Ｍ of gamina rays of energy E ·emitted ｦｲｾｯｴｮ＠
the source. peJ: ｵｲｴｾｴ＠ t:i.rnel! 
Intrinsic .Full Ene.J:·gy Peale Efficiency ( (Pl ) · == Nl · To 
\fuere I 0 nuanber of gamma rays of energy 1t ｩｾ｣ｩ､･ｮｴ＠
upon the ｾｲｾｳｴ｡ｬ＠ p:e_r: Utli t time o' • 
'Geometric Efficiency ( tE' c;,) G 
- · ff 
｜ｾｨ･ｲ･＠ G is the s _olicf angle subtendad by the . ｳｯｴｩｲ｣ｾ＠ .to the 
.detector. 
; •. ' 
Efficiencies were -measured .. using defil:iition 2) to avoid as :f't:tr 
as P,ossible the. effects Qt.' d:l:ffering detector geometr.ieso .Tlie measurement 
. ' .' I. 226 . 
technique is that ､･ｳ｣ｲｾｾ｢･､＠ in section *•4.2 '"ith a Ra sotirce placed one 
metre from the detector. The source strength ｜•ＱｾＵＮ＠ Oo8' uiCi aJ1cl this r.esul ted 
in -aii adequate count ra-te wi'thout pulse pile-up. At this distant:e 9 the 
. . 
gamma rays incident upon ｴｬｾ･＠ detector under teat could.:be ･ｯｨｾｩ､･ｲ･､＠ to be 
parE\llel. All c.r·ystals tested had previously ianc;tergorie copper staining to 
estimate their· Sensitive volumes. 
· Three factors .complicate the l"'esul ｴｲｾＺＭ
1) ｬｾ｡｣ｨ＠ ·detector '"as mounted in a ､ｩｦｦＨｈ ｾ ｴｾｮｴ＠ cryo::'tat \1i th i tr-J o-. .. ｾｮ＠ .kno-vm 
window ｴｨｩ｣ｫｮｾｳｳ＠ .. 'l'he gmnma rays would also ｨｾｶ･＠ to traverse va'ry·· 
ing dead layers of unltnown thickhess An the ｣ｲｹｾｾｴ Ｍ ｡ｬｬＩ＠
gamma r _ay beam was attenuated to an Unl<nown ･ｸｴ･ｾｴ＠ ·with each detecto.rn 
At high energies th.is is usually insigl'l:t:ficant 9 but at lol'l'er energies 
such attenuation may · exceed -10}'oo 
2) In three cases· the source-detector distance ｜ｾｆ｡ｳ＠ less than the standard 
one metre because of the design of the ｡ｰｰ｡ｲ｡ｴｵｳＨｾ＠
3) Some of the crystals \1el"e planar and others coa:kial \1 so that there 
was some variat:ion .i.n the shape and ,cross sectim1al areas :-o:r act:i.ve 
volumes (Table 5.1)o Shape is significant for ･ｮ ﾷ ｾ Ｍ ｾｧｩ･ｳ＠ above. 
250 lteV; when a signi_ficant cont_rioution to the full energy peak is 
through multiple scatter 1\ . tl'o ｴ･ｳｾ＠ _.·the ･ｦｦＧ｣ＺＮｾ｣ｴ＠ oi: shape 7 a trapezoidal 
detector \'laS ｬｬｬＨＮｾ｡ｳｵｲ･､＠ ·from t\'IO different . ､ｩｲ･｣ｴｾｯｮｳ＠ · {Figo 5o 1-) o 
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Fin. 5.2 ahowa the ｖﾣｾｲ ﾷ ｩｮｴｩｯｬＱ＠ ｯｦ Ｎ ｾ＠ PX with f.moroy :for thiF.J 
· crystnl mer.\.sured from the diroctionr3 ｾｾｨｯ｜＾ｭ＠ .in ｬｩＧｩＡＱｾｾ＠ 5.:. 1.. It. 
. . . 
will .. be ｯ｢ｴＮＮｴｾ･ｲｶ･､＠ that the maximum d.ii'fer<imct:H( for ｴｾｵＭ［ＡＱ＠ ＼ｾＱＱ･ｲｧｹ＠
l"l.\ll{JC shown t\re ｢･ｬｭｾ＠ 20% for this ｣ｯｭｰｅＮｵＺｾｴ＠ geometry ､･ｴ･｣ｴｯｲｾ＠
this being. at the higher E-H1E:)rgy. All crysto.ls ｜Ｇｊﾷ･ｲｴｾ＠ •:ueasured 
with the end face geometry shoW11 in l''ig·. 5.1 .. Howev·er, for 
simplicity, differences in shape have been ignored although 
better cot .. relation might ·have been achieved if a paramete:t" 
combi11ing shape and the volume had been plotted against the 
efficfency. 
Ninetee11 crystals "d.th sensitive volumes ranging from Oo6 cm3 to 
Fig. 4.11 showa typi9al ･ｦｦｩ｣ｩ･ｮ｣ｾ＠ curves obtained 
wi.th this technique. Values for ｾ＠ Pl ｷｾｬＢ･＠ ｾＢ･｡Ｎ､＠ from ench f.:Ul"'Ve atA.d ·tabulated 
for the ｮＺｬｾＧｬ･ｴ･･ｮ＠ crystals ('!'able 5.1) o The table also· shows ·the E'!.Stimated 
active ｶｯｬｴｵｮｴｾＬ＠ stlt\}Je and ｴｨｾ＠ ｴｾｲｩ･ｲｧｹ＠ resolut it>n. Figs. 5" 3a. and .5 c. 3b ahotr 
the vnriat:t.on of· efficiency ｾ､＠ th volume nt . 2e0 !'-"leV nnd 1o0 MeV f'ol"' all the 
crystals measured. It w:ill be olJserved from these figuras ·and 1'able 5o1 
that those detectors ,o,rith resolutions better than 5.5 keV ha.ve the highest 
efficiencies. There is agreement among the higher resolution crystals, 
but the de.tectors \'Ti th · poorer resolutions ｦ｡ｾｬＮ＠ ·considerably bel0'\'1 the li.neso 
Fig. 5.LJ: sho\'/S the variation· ·o:f ｾｐｬ＠ with sensitive volume foi" ＧｴｾＱ･＠ high reso .... 
lution detectors. 
The follo\dng observations are made on the above ｲ･ｳｵｬｴｳｾ＠ .. ｾ＠
1) The higher resolution detectors (5o5 keV and better) have a high 
degree of correlation between volume nnd efficiencyo 
2) All ·the poorEll" resolution detectors have 10\·ter eff:tcienc:J.es com'"' 
pared to those t'li th higher .resolittionso · 'l'he magni ｴｵｾ･ Ｎ＠ of the 
·lceductiotl varies from detector to de·tector-. 'l'he mf;\Ximmu reduc-
t! on of efficiency observed ｾＱＱ｡ｳ＠ for n 23 cn.-'3 detector having one 
quarter that expected f .or a ｾｯｯ､＠ detectoro The minimum reduc-
... 3 
tion observ.ed \tas for a 34 cuf crystal having roughly · half" the 
expected efficj.ency • 
between these limitso 
All poor detectors had lotases ·varying 
3) . In Fig • . 5.1i the curves for high energy radiation can plausibly 
be ･ｸｴｲ｡ｰｯｬ｡ｴｾ､＠ to go -through the origino 
energies, extrapolation through the origin necessitates a change 
il1 curvature. It is notable that a. linear extrapola·tion 'I:J'OUld 
Table 5·.1 
ｾｐＮｲ Ｍ ｦｯｲ＠ all Detectors at Several Energies_ 
·Estimated Elre.rgy ｾｮＥ＠ ｾｾ＠ ". En % (P;E % (r>X % Sensitive Shape Resoiution 
<o.s Y..ev} (-1.0 MeV) ( le5 MeV} (2.0 MeV) (2.5 MeV) ｖｯｬｾ＠ (cm3 · (keV) 
o.6 cir.cular 4.0 O.iO 0.17 . 0.072 0.037 . 0-.019 ｰｬｾ＠
1 •. 4 rectangular 7-0 2.10 0.44: 0.20 Oe125 o.os planar 
. . 
1.5· square · planar 9.0 1.22 0.31 0.165 Ｎ ＰｾＰＹＴＺ ﾷ＠ 0.55 
. j 
I circular 
o.-68 I Oo37 l Oo24 0.185 ＵｾＲ Ｎ＠ s.o 2o35 planar 
7.4 trapezoidal 4.5 I 3o4.o lo10 · 0.62 Ool::1 Oc2B5 ｯＢＡ･ｾｃｬｬＧＡＡＧＢ＠. -. I· 
I. i · Oo3.8 
I 8.2 trapezoidal I 8cO Ｍ ＳｾＱＵ＠ 0.99· Oo58. Oo25 I 'planar . I l l .t.. ... I o .. 4B _ .. , , r,rapezo1.cal 5a? 4:o5 1o57 I 011-99 j Oc69 10o0 • f t icoaiial . I 
t t . ｾ＠ ｾ＠ I I t I ｾ＠I 2o8 I 1o65 ic:-20" ｾ＠ ＰｾＹＷ＠20o5 1 Ｇｲ｡ｰ･ｺｯＺｾＮ｡Ｎｵ＠ I 5o0 7o6 I J ;coaxial - I • I ...,..,. 0 trwy ｳＮＮｾ｡ｾＭＺＦｃ＼ＺＺｬｊ＠ .. ｾ＠ 7 0 I 2 85 0 07 I 0 ｾｨ＠ J 
• e;;.jo J • o = o i o o 7 j{ <>.;'-' i I r:oax:_a..t I r < ｾ＠
'I I I .f t I ｾ＠ 23(10 ｾ｣ｹｬＮｩＷ､ｲｩ｣｡ｬ＠ 5o0 Jl ·9.5 ' 3o0 j Ｑｾ＠ 1 f ｾｇ＠ 15 · ., 0.,88 
; ｾ｣ｯ･ＮＮＺｵ｡ｬ＠ I_ l J ｾ＠ . I f l I ｾ＠ . 
. L , ｾ＠ ｾ＠ ｾ＠ ' 
i 
I 
t 
...0 
ｾ＠
....... J 
Table 5.1 (cont.) 
,• 
25.0 cylindrical a.s 9.2 3.4 2.1 coaxial* 
25.0 cylindrical · 2.5 9.6 :;.ao 2.00 coaxial 
26.0 cylindrical 4.0 coaxial 9·7 :;.85 2.45 
28.0 trapezoidal 15.0 l·f-· t.43 0.82 coaxial 
30.0 cy_i.indrical s.s 11;,-5 ｾＮＶＰ ﾷ＠ 2.90 coaxial 
33 .• 0 trapezoidal 3.6 . 12c1 4.95.· 3o23 · coaxial** I l J{e.o 1. cylindrical 5o0 . 7o6 2.90 1.79 I coaxial*""' 
37oO ltrap<>zoidal 7-5 I 5.20 2o05 1.25 coaxial ;_.. .dal 
2ol:/j .. ｾ＠41o7 J ｾｲ｡ｰ･ｺｯｾ＠ 4 .. iOoO . I 6o20 I ﾷ ＮＱｾＴＵ＠jcoaxial a ｾ＠ . " 
.I I . f 
:J: Resolution due to poo!" electroi:lics 
c::: ｄ｡ｴ｣｡｣ｴｯｾ＠ ｳｨｯｾＭｮ＠ iEl F"iso 5o 1 
:::: ": *' imavoidable use of thick perspex absorber in system 
1'.35 
1.70 
1.78 
0.54 
2.20 
2Q4o I 
1.39 
0<!192 
. I 
f 
1o02 J. i J'· 
1.2 
1.11 
1.25 
0.41 
1.75 
1-75 
1.22· 
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intercept the efficiency t.-t:>ds and not the ｶｯｬｵｮｾ･＠ ax.:i.c.-4 as .might . 
be expected. The phenomer1on is energy dependant · and therefore 
probably a function of photo11 range in garman:lum. 
The explanation may lie ''lith the relntion betw·aen the amount: o:f 
. . 
multiple scatteri119 and crystal aizeo Above 250 l<:eV a 'significant contr:i.•u 
bution to the full energy peak is that due to multiple scatteringo li'or a 
particular energy, there is a mean path length of the scattered gamma. x'ays 
for total absorption to be likelyo At low e1'mrgi.es 9 this path length is 
small (nbout 1 - 2 mm at 200 lteV incident energy) so that as the crystal 
s:i.ze decreases · belo\'1 · 0.5 cm3 th.ere is still a s.ignificant contribution from 
multiple scattering to the full energy peako For crystals with dimensions 
shorter than this mean 'path length the full energy p(H\J.t heirJ.ht is small 9 
because of the absence of multiple scattero At hiuh energies the pntf1 
lengths· for multiple sent ter increase and becomes ｾｊｲ･｡Ｇｴ･ｲ＠ than 10 nun at 
several .f'.1eV SO. that the tni11in1Um voiume for a significant contribution to 
the full energy pealt increases \d th ｩｮ｣ｲ･｡ｳｩｮｾｊ＠ energyo lienee the sharp 
curving to the origin belot..r 0.,5 cm3 decreases with increas:ing energy. (Fig .. 5o1±). 
detector. 
Several factors contrib\lte to the reduction of e:ff'iciency in a 
Design arid technique considerations may reduce ·them but not 
eliminate them. 
Insensitive ｌ｡ｾ･ｲｳ＠ on the Detector __________ Ｌ｟Ｌ｟ｾＭＭＭﾷＭＭＭ
Insensitive mat.erial on a Ge (Li) detecto:a" is unavoidable due to 
the necessary ｰｲ･ｳ･ｮ｣Ｈｾ＠ of the n and p la.yerso 
be minimised in tvto ways:-
1) If possible, the ｳｯｵｲ｣･ｾ､･ｴ･｣ｴｯｲ＠ arrangement is designed to allow 
incident photons to en·ter directly i11to senai ti ve material o 
2) The detector geometry can be fabricat'ed so that the p layer (or 
core) is as thin f.\S possible.. Li th:i.um is di.f'fused :into the det-
ector very carefully during fabrication to maintain the 11 layer 
thickness at about 0.5 mm or lesso 
li'ig. 5.5 shmors the variation of half value layer (HoV .. Lo) of ｧ･ｲｭ｡ｮｩｾｭ＠ \dth 
energy. Nai (Tl) is also sho\m for comparison. Any il1teraction ii1 the · 
insensitive layer will remove tt po.tential event from the full energy pet.lko 
A scatter continuum is also added to· the spectrum. Fig. 5o6 shows the 
.; _·: -·-·. 
E:iq. ?:2. 
variation ot H.V.L. for ｇ･ｾｭ｡ｮｩｵｭ＠ and Sodium ｬｾ､ｩｏ･＠
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variation of full c.u1ergy pealt efficiency loss ttri th energy for ｴｨｲ･ｲｾ ﾷ＠ thiclc-
ness dead ltlyers. 
'l'heso losses can be reduced by grindi.ng a.\ray or drift:.ino throuuh 
the p layer. 'l'he p layer is ｴｨＨＮｾＱＱ＠ re-e::•tabl:lshed either by ion :Lmplanta.tion 
of boron or gallium (Dearnaley 1969) or by gold plating d thin surface 
barrier contact o:f' the order• of Oo5 ·microns (Nuclear Enterprise::'.!) <1 
A qualitative treatment is attempted due to t.he c:omplexity of an 
exact mathematical approach. 
It is important to specify the source ... detec.tor geometry., I:f this 
fs not possible 1 due to a \dde range of shapes and .orientations to be en-
｣ｯｵｮｴ･ｾ Ｎ ･､Ｌ＠ then a compact. detector is required to present the:! maximum depth 
of ｳ･ｮｳｩｴｩｶｾ＠ material to all ｰｯｳｳｩ｢ｬｾ＠ source ｾｯｳｩｴｩｯｮｳＮＬ＠
Shape effects are very sensitive to gamma energy since the propor-
tions of the various interactions change rapidly ,.,:f.th ･ｮ･ｾｧｹ＠ .. l:.-'oJ." sirnpli-
city, parallel beam irrndiat:ion is considered., Energy loss from ｴｨ･ｾ＠ ､･ｴ･｣ｾ＠ .. 
tor through bremsstrahlung ｾｳ＠ significant above 2 NeV (Camp 1.967) but ｮｴｾｧｬｩＢＧﾷ＠
gible in the region where photoelectric ｩｮｾｴｯｲ｡｣ｴＺｩＮｯｮｳ＠ predom:inateo Only a 
fe\tr mi ll.i.rnetres of germtud.um nre required to ｦｬ｢ｴｾｯｲｨ＠ the eneJ."OY from the 
energetic electrQno 
Compton sc1:t.ttm·· evc:Jnts dominate in the. reuion 0 ... 5 .... 2 .. 0 NeV r.mcl 
are the origin of the multiJ>le scatter conti"i.hution of full energy peakr:Jo:> 
\vainio and K11oll ( 1966) have deduced that 011 average ther<:' are one to ·t\·m. 
Compton ｣ｯｬｾｩｳｩｯｮｳ＠ in these total absorpt.i.on €Nents(l 
a · simple estimate ｾｦ＠ optimum detector shape is made., 
On this assumption, 
Photons are scattered 
at caiculable angles and energies (Davissoll and Evans 1.951)o Fi.go 5o? · 
ｳｨｯ｜ｾｳ＠ the angular distribution of the scattered photon as a functim1 of 
incident photon energy·. Consideration of li'igo 5&5 a.nd Figu ＵｾＷ＠ allo\•rs a 
determination of the hnl£ value layer ＨｈｾｾｖｾｌｯＩ＠ with angle for germanium 
Fig co 5o 9 ｳｾｭＮＮＬｳ＠ n coaxial detector with ｃｯｭｾｴｯｴｬ＠ :i.nteracti 011.s 
occur-ring in the detect.or surface c. 'fhis dettl.lc·bn .. is fitted <>n'to the shape 
o.f l"igo 5.B with the dimensions 2r and h ｾｮ｡ｩｮｴ｡ｩｮ･､＠ :i.n the same propor-t.:tollo 
An .increase of the detector size in t.he same pr()pm:·tions will reduce surface 
escape. t · 2r/l1 ( --R) · d d · ('L" • Ｌｾ＠ ) d l 'fhe ra 10 o:f 1s energ;Y epen .ant r1go :>o10 an . reac1es 
n maximum of 2rll' o. 7h. 
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Fig. 5·7 
The Variation of Energy with ftngle o£ Scatter for Several Incident Energies 
(Each Curve Normalised for Comparison) 
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Fig. 5.8 
The Variation of H.V.L. (of Germanium) ｾｲｬｴｨ＠ Scatter Angle ｓｨｯｾ［ｮ＠ for-510 -keV incident ﾷ ｅｮ･ｲｾｴ＠
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Fig. 5.9 
Cylindrical Coaxial Detector Fitted onto the ｓｨ｡ｾ＠ in Figs 5.8 Extended to Allow for Edge ·Loss 
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Pair. production events only contribute to : the full <..)nergy pealt by 
total absorption of the annihilation quantao As their ()rient:aiion is x·andom 
ldth respect to the orientation of the :tncident gamrna ·ray 9 nbsoi--ption is 
optim:i.sed by the smallest surface area to volume ratio. ·(a spher-e)" In 
practical ｴ｣ｾｲｭｳＬ＠ this is approached by a cylinder. whose ､ ｾ ｬ｡ｭ･ｴ･ｲ＠ and length 
are equal. 
The t\bove considerations indicate that many c>f the reqtd:r·ema11ts 
are fltlf'illed by· ｾ＠ coaxial de·tector ·who.se length and diametex .. ttt .. e equalo 
Charge loss is sign:lficant in .the considerat:lon of thf:! efficfency 
. . 
defects shO\m in section 5o2o 1o · It is considered in .tyto Ｚｰ｡ｲｴｳｾ＠ namely that 
due to a uniform distt'"ibution· of traps and that ·'dite t o a non ... uniform distr"i" 
bution of traps. 
5. 2. 2. 3. 1 Tl.1e Ori ｧｾＡｴ＠ .. ari.9- ｅＺｦＮＺｴ＼Ｚｐｾ＠ . .E.f ... YE!! ｯｲＡｾＮＮＺＮＮＧｴｾｬｌＮｅｩ＠ ｾﾣＡｂＤｽ＠ ｾｮ｡＠
The mechanism of ·h·apping has b'een briefly consi'¢iered in ｾ ｡｣ｴｩｯｮ＠
:t.3.3 and i.ts origbi ru.td structure in sec-tiona 1o3o3 and · .L.t:t>2i> 1o ＧｬＧｨｾ＠ major 
Ｇ ｾ ＮＺ＠
uniform and unif<.lrmly varying . trap d:ls_tributi.ons geneJ."'a.lly , originate from 
ｰｯｯｾ＠ compensati6n, caused by poor ､ｲｩｾｾ＠ ｣ｯｮ､ｩｴｩｯｮｳｾ＠
· accompanied by a poor . collecting electric fiel.do . Therefore, . such 'trap 
distributions are a :functiorA of drift P.il"ection and ｡Ｑｾｾ＠ ｵｾｩＺｦｯｊＮＢｭｬｹ＠ distributed, 
(neglecting matetial defects) parallel to tha n layer in ｰｬ｡ｮｾｵＺﾷ＠ ·arid ·tt--ue 
coaxial de'tectm:·s. 
It ;i:s di*'ficult to obtain ari accurate tUld direct measure of the 
degree of compensatione 'l'he final 'detector chara.cterist:ics are sometin1et:J 
the most sensitive means o;f measurino ｰ ｟ ｯｭｰ･ｲｴｳ｡ｴｾｯｮ＠ variat:tons (I .. opes X>a S.:i.lva 9 
Henclt and Siffel ... t 1968, Schell 1970). The variation o:f ｾ＠ Pt \'f:i. th reverse 
bias is an effective ｴ･ＱＺｾｴ＠ of' compensation in tht:1.t poor collection rap:i.dly 
. - 1 / becqmes evide11t be;to\!f 100V mm t"everse bias by a rapidly falling "'P:t 
3 Fig. 5.11 shot'ls typ:i.cal results for the ·1.1J: em detector, ｴｨｬＮｦｾ＠ be:lng an 
average .performr:.1nce detector., 
Neasurement of the electric field across a detector is also indic-
ative o:f the· degree of compensatiml.., The field may be s:lmply measured 
using the arrang·ement shown in Figo 5o 12o The electric field profile 
expected for a perfect planar. detector is uniform across the intrinsic ｲ･ｾｊｩｯｮｯ＠
Poenaru ( 1967) has calculated that . for a coa::dal detector '# th per:fect compen-
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aation, the electric Ｎ ｦｩ･ｬ､ｾ＠ (1") vnr:les ｮｾＳ＠ the rndtus (r) wh£lt"'e 
and Vo. = detector bias 
ｾＨｦＧＩ＠ - 'lt . ::: p ·core r•adius 
ＧｾＢＮ･＠ - ＼［ＡＭＧｲＮｴｴｾｸﾷｮ｡ｬ＠ A"adiua 
1'here is a similar field variation for trapezoidal and cylindl"ical geometrieso 
As .a demor1stration of :field measurement, the electric field '"as meas;ured for 
a 30 cm3 ｴｲ｡ｰ･ｺｯｩ､ｾＡ＠ detector 0 Fig 0 50 r; .ShOl'/S the variation observed' com .... 
pared 'd th that ｾｸｰ｡｣ｴ･､＠ for perfect compensation a ｐｯｯｸｾｬｹ＠ fabricated · 
coaxial detectors tend to have ･ｸ｣･ｳ｣ｾ＠ ｾｩＧｴｨｩｵｭ＠ to,..rards the n layer aud this 
results in the poor field of Figo 5o13a This resul ta i11 tha formnt.ion. of 
poor collection regions townrds the .n layel!:' o 
Anomalous perform.a.rice vari Elti ons w:i th the position of irrad:i.ati 011 
were first observed in this laboratory in .:1967 a11d by Chartrand and Malrn 
( 1.967) · and ,.,ere considered by · Gibbons ( ＱＹＶＸｾ＠ as potentially significant in 
the evaluation of the ･ｦｦｩ｣ｩ･ｾ｣ｹ＠ defect. A:rmantrou't (1969, 1970) 9 Schmidt-
\Vhi tley ( 1969), Cappellani t Ostidich and· Rastelli ( 1970) and Henclt ,GutkrAech·t, 
Siffert, De Laet y.1nd S<?hoenmaekers (1970) have also observed regions of' poor 
ｲ･ｾｲｰｯｮｳ･＠ in (ie (Li) detectors but have not satisfactorily· eJt:pla,ined these 
findings. · 
Schell and Nienhuis ( 1968), Cappellani .:ind ｒ･ｳｴ｣ｾｬｬｩ＠ ( 1968) and 
Armatttrout. ( 1969) have ｯ｢ｳ･Ｑｾｶ･､＠ thut certr1.in :i.nlJ.::mr·i t:iEH:) form ｣ｬＮｵｳｴ･ｲｩｾ＠ in 
the crystal ｬ｡ｴｴｩ｣･ｾ＠ The clusters are not necessarily as£:£ocia.ted ,. .. d. th 
dislocations or vacancies · (Armantrout "1970) c These ilnpuri ty t\nd def'act 
clusters are probably the origin of the a.no5nolous varint:i.o11s considered 
aboveo 
These clusters ar.e di:fficul t to compensate and result in :regiotlS 
of excess ｴｾ｡ｰｰｩｮｧｯ＠ This may be brought about in t'"o wayso 
1) 'fhe impurity generated traps are in suffi.cient ｾｴｲ･ｮｧｾｨ＠ in the 
drifted regions ·to absorb most of the generated ion pairs formed · 
in or passing through the clustero 
'2) The ｣ｬｵｳｴ＼Ｎｾｲ＠ remains uncompensated due to the degradation of the 
lithium mobility by the impuritiese Fig o 5o 14 sho\..,S a proposed 
n1odel for the formation ·o:r this regionc 'l'he region remains 
essentially unco.mpensated as the lithium dt'"Lf·t front proceeds 
.· 
' ＭＭＭ ｾ＠ ·_ h -- .:. . ..... ﾷ ＧＺＺＮＮ ｾ＠ · • . ｾ＠ • 
.. _,;:. · ... ", 
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1.) Drift front pasaing 
the impurity cluster 
in the germanium 
2) Drift ｮ･｡ｾｬｹ＠ complete 
und cluster ahadO\..ra 
formed 
·:-s) Shadmvs removed after 
cold drifting ｬ･ｾｶｩｮｧ＠
inactive ｲ･ｧｩｯｮｾ Ｌ＠ h1 · 
t.he intri:nt:;ic x;.egion 
ｾ＠ ::. .. 
. .... ... • . . . . ·,· -.·' 
·' 
·. Ｍｾ Ｎ＠ . . 
-.·· 
througll. the crystal o Precipitated li th:huu (and henoe · 
addi ti.otial trapping) is added ·to onch ｣ｬｵＱｾｴｯｲｯ＠
· of uncompensated germaniutn ｴＮＮｾｲ･＠ le.ff bahh1d wh.ieh ｮｵｾｹ＠ ba 
removed ·by cold dr;L ft.ing o 'l'he final ｣ｬｕｾｬｴ｡ｲ＠ fOY."mat:ton is 
relati ｖＨｾｬｹ＠ unaffected by drifting alfld ittJ considel"Gd tlB 
inherent to the detector characteristicso 
( '197t) has directly observed the :f()rmat:lotl of such a region 
in a large planar detectoro .Poor collecting fields c\nd 
local field distortions accompany the defect ｣ｬｵＺｅｊｴＨｾｲＢ＠
Some gamma r.ays- will undergo total collection, t,.rhile others 9 :tntel"'ac·ting 
near thf-l cluster, · will lose a considerable portiqti of ･ｮ＼ｾｲｧｹｑ＠ 1'he overall 
effect . is a ､･ｴｾＩ｣ｾｯｲ＠ w:i. th a small (- P:.t aru:l not: ﾷ ｾﾷｬ･｣･ｳｳ｡ｲｩｬｹ＠ shm'ling ｰ･ｲｵｾ＠
｡ｳｳｹｮｮｵｾｴＮｲｹｯＮ＠ The regions, being inherent ·to the ., gei"nlahitim . :ingot as opposed 
to dri:(t defects . are independent of· drift direction and ·may be considert-ed 
to be ｬｾ｡ｮ､ｯｭｬｹ＠ situated in the d$.tector ' voltuneo · · .. 
'· 
Nul tiple scatter events in: tlw detector d<Hirade ｴｨ･ｾ＠ spatial 
. .. . ﾷｾ＠ ; ｾ＠
resolution of t\ collimated gnmma ra.y ·ben.mo_ To ｯｶ｣Ｚｾｩ＠ .... colnc . this Deu:rnaley ( 1.969) 
ｳｵｧｧ･ｾｴ･､＠ ｴｨｅｾ＠ use of a hiohly collimated ｰｴＧｾｾＮｬｴ＼Ｎ＾ｮ＠ beam \d th ene..rgicHl up to 
20b ｾｴ･ｖ＠ o · The region re·spondhl{J -lvould then ｢€ｾ＠ little gt"c:!a·t:er that! the 
particle beam d:i.ame.ter., Howeve1·;;.1l ﾷ ﾷｴＮｨｩｾＧｩｬ＠ :fac;tl:i.ty was r1ot available attd a i·;l:7 .. ·. 
collimated gamma ray beam usint1 :> Ca af.$ described in sect:i.on ｬＺｾＺｯＺ［ＬｌｊＺｯＲ＠ \'laS 
use do 
Tyi;dcal detector responses. n1ay be expect$d to Ｑ ｾ ･ｦｬ･｣ｴ＠ a comb:i.nt'ltion 
of the .. i o4 cm3 detector 9 scanned · ,..;i th the beam perpe.nd:ictt.l(:..\r to the n J.a.yaru 
The .response varintiotlS are due to edge losses and tr.;1pping variations 
independant of the drift direction., 
ｬｾＧｩＮｬｧＮ＠ 5o 15 sho\\I'S a scan taken of a 20 <!m3 popr qu,:1li.ty trapezoidal 
coaxial detectoro The observed variations are cortsider•able both radially 
ｾ｜ｮ､＠ parallel ｴｾ＠ the deteci:or axis -.. There is d{f:f:.i.cnlty i11 observing the 
position o:f the p coreo 
and had undergone some precip'i ta.tio11.. 'l'he detector \ras reprocessed by 
heating to 38o0 c for 20 minutes and then :t.edrifted according to the tech-
niques discussed in section 4.5o4o Fig., ·. 5o :J.6 sho·ws the scan ｴ｡ｫ｣ｾｮ＠ of this 
detector after treatmellto The response is conside:a:·ably :tmproved and ia 
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mor4.! uni ｦｯＱｾｭ＠ over the drifted volume (measured by copper staining) .. 
li'in, 5 ｾ＠ 1'7 sho\1/S the improv·ement ｯ｢ｳ･ｲｶＨ［ｾ､＠ in ｾ＠ PX , ｔｨ･ｲＺ｡ｾ＠ ｣ｵｲｶ＼ｾｳ＠ '"ere 
compared w'i th the data of Fig .. 5., J* to rji ve the dot tod curve of (ip:r expected 
for a good quality detectoro 
Fig.. 5o 18 shm'iS the · comparison of the cross-section scans for a. 
particular plane from Fig .. 5o15 and ＵｾＱＶ＠ .. In .edd.i. tion · to the improved 
radial response and uniformity,. the ､･ｴｴＮＺｾ｣ｴｯｬＧＧ＠ is much more sensitive near 
the n layer,. Compensation is considerably improved and reference to Figo 
5 .. 13 shovrs that the material near the n lr:\yer is most sensitive to drift 
·defects., 
The response variations parallel to ｴｬｈｾ＠ detector .c:l.x:i.s are still 
considerable, though to a lesser extent and reflect the contours of li'ig., 
5o 15D These nonc..uni.formi ties are due to preferential precipitation :r:·egions, 
whose effects are reduced by the detector reprocessing() 
This detector suffers from drift and material defects though the 
material effects are capable of beino minimised by careful ·processing .. 
These results are .illustrative o .f the variations observable in 
Ge(Li) detectors. The efficiency defect considered in ｳｾｴＺｴｯｮ＠ ＵｾＲ＼ＶＱ＠ may 
be accounted for by the above results. 
ｾｲ･ｶｩｯｵｳ＠ mensurements on Ge(Li) detectors have ussumed that 
drifted and sensitive ｶ Ｎ ｯｬｵｭ＼ｾ＠ contours coincide .. Fipo ＵｾＱＸ＠ illustrates 
that this is not ｮ･｣ＨｾＮｳｳｮｲｩｬｹ＠ soo Large efficiency defect8 are always 
ｰｯｾｳｩＮ｢ｬ･＠ cis the fine deuree of comrH:.Jnsntion Attempted in the cold drift is 
difficult to judge and is very sensitive to fabrication technique and the 
condition of the starting tnflterial .. 
Once a detector has ｨ･ｾＺｾｮ＠ optimis(.!d v.s far as possible in the 
cryostnt, any ｣ｨｴｭｧ｣ Ｚ ｾ＠ in the measured peal< efficiency is due to variation 
1'his ｲ･ｱ｜ＱＮｩＮｲｾｳ＠ .sotne ｣ｯｵｳｩ｣ｨＧｾ ﾷ ｲｮｴｩｯｮ＠ a.s large improvements in ｾ＠ g 
c. an he obtn.ined by cnreful system des.i.gn (Kemmer 1968) a In t-ll"actice 9 a 
wide range of ｾｯｵｲ｣･＠ volumes are encountere•G 'fheir measurement is con-
siderect in .. two grour1s, namely small { \/\ 1 3) . 2 em nnd large volumes. 
Hany .measurements (such as those in this :laboratory) are made 
·113 
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\dth small ｳｯｵｲ｣＼ｾｳ＠ placed aga .inbt the crym1tnt end ｜ｾﾷＮｩ＠ ndow .. I\OilU!It;i!' ( 1968) 
has developed a well-shaped detector allowing suitable insertion of small 
sources t.o ｧｩｶ･ｾ＠ g ｾ＠ 0.5. Since then, the design has been optimised by 
Santhanam, \•Jebb and Nonaro ( 1969) 9 ｇｬｬｾｳｧｯｷ＠ ( 1970), Forcinal and Neulemun 
( 19'70) c-md Verplanlte and Verheijl<e ( 1970) '"ho hnve made systems capable of 
accepting sources up to 8 111m diamater and •.-d th detector dead la.y(.u·s of the 
order of 5 ruicronso 
1'he detector used by Kemme1 .. ( t968) has similar overall character-
istics to the 7 .LJ: en? detector used in this lnboratory. However 1 his well 
. . 137 
c:r:ystal has a value of 0.012 for cEPI\ for Cs 1.1hereas the value for the 
7o4 en? detector is .0008, a ff.\Ctor of 15 lOl'ler., Clearly? when the source 
shape and size permits the use of this design, its vaiue in low level count-
ing (Glasgo\IT 197"0) is consic;lerable., 
There are many common applications ,.,here large volume sources ar·e 
available (e.,g., contamination monitoring of milk and ｯｴｨｾｲ＠ foods, Potter, 
Nclntyre and Pqmery 1968). Sample reduction 9 by f.tShing and other techniques, 
nlay be used to improve ｾｐｉ｜＠ but is not ahrays feasible and ｬｾ･ｳｵｬ＠ ts in the 
destruction of the snn\ple., This section eVt\luates the variation of <( pf\ 
when rneE\surino large volume sources., 
This ｭｾｈＺ｜ｓｵｩﾷ･ｭ･ｮｴ＠ is complicated by the great variation of detector 
shapes commonly encountered,· so that no ｳｴｴ｜ｮ｣ｬｾＺＺｴｲ､＠ geometry is available .. 
However 9 as. a demonstration of the effect · 011 a medium size detector 9 an 
experiment was performed using the 7 ＮＬｉｾ＠ en? volume detector .. 
A liquid source containing o .. 50 }.Aci of 1:;4cs and 0 .. 50 ｾｃｩ＠ o:f 60co 
of 0.5 ml volume \\laS ｮｷｮｵｦ｡｣ｴｴＮｵｾ･｣ｴＮＬ＠ An ｡｢ＺＺｾｯｬｵｴ･＠ eff.icieu<::y calibration \'la.'3 
performed using energies and intensities from Lederer, Hollander and Perlman 
( 1967) with the source placed just by the cryostat end windo\lo ｾｲｨ･＠ source 
was diluted with distilled water to form sources of increasing volume ｳｵｾ Ｍ
rounding the ､･ｴ･｣ｴｾｲＮ＠ Figo 5o 19 ShO\tS the arrangement adopted., The 
distances marked ｷ･ｲｴｾ＠ l{ept identical in an ntternpt t.o ｭｾｬｩｮｴ｡ｩｮ＠ a near optimum 
and un.iform geometry. 'l'he absolute full enerny petlk e:fficiency ·was measured 
at each successive dilution and plotted in F'ig .. 5 .. 20., li'ig., 5.,21 ShO\>TS the 
measured variation of ｾ＠ Pfi \'l'i th volume for ､ｩｦｦ･ｲ＼ｾｮｴ＠ energies., 
The follo,dng observations are made from Figa 5a20 and Fig., ＵｯＲＱＺｾ＠
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i) Self absorption in ｴｾＱＱｾ＠ source causes a ｾｬｴｲｯｮｵ･ｲ＠ variatit.>n of · 
efficiency with volume for the lo\•.rer energieso 
2) Because ·of self absorption, the efficiency vs ener·gy curve 
(Fig. 5.20) becontes flatter \'lith larger volumeso 
If the liquid source surrounding the detector were of a fixed act:i.vity per 
· unit volume, the full energy ｰ･｡ｬｾ＠ count rate \'fould increase \dth increasing 
source volume. Fig. 5o22 shows the relative incrao.se ｣ｴＭＭＺｾｬ｣ｵｬ｡ｴ･､＠ from the 
data of Figo 5o21o 
increasing source volume due· to the ｰｯｯｲ･Ｑｾ＠ geometry ltnd ·g.ref.,ter self absorp• .. 
tiono In this instance there is little point in e:u:ceed;ing a source volume 
of ·t,.,o 1 i tl.:es due to the ｾｾｭｩｮｩｳｨｩｲｬｧ＠ .retultn obtained o 
In general, the optimum ｶｯｬｵｭＨｾ＠ of ｳｯｵｲ｣＼ｾ＠ is dependant upon the 
source mater1al 9 the eneroy of interest 9 Jnaterial i.nhomogenie·ties and 
detector sizeo The above ·data illustrates the behaviour of this particular 
counting configuration for the measurement of liquid ｳｯｴｴｴﾷ｣ｾｳｯ＠
1:?.0 
£hll}> ｾＡＭＺＮｾ ﾷﾷ＠ Ｍｾﾷ＠
IJcite:r.mination. of the ·sonsi ti vi ty Lfti1i ts·. o:t,:· n 
ｾｉ ﾷｾ＠ ... M ' · ｾｾｾｾＭＭｾｾｾ ｴ ｾｾｾｾｾｾ＼ｲＴＢｦｬｩＧｴＭ
: . \ 
Ｎ ｧＬｾｾｩＩ＠ ｾＮ｡ＮｭｴｾｾＮＩｬ｡ｸ＠ ｓｊ＿ｾｾＮｅＮｾｊＡＮｴＨ［ｮ［ｾ＠
6. 1 . ＡＬｾｯ､ｵ｣ｴｩｯｮ＠
In spite of. 'the widespread use of Ge(Lil spectl"ometers over the 
last few ｹ･ｾｲｳＬ＠ their low level ｣ｯｾｮｴｩｮｧ＠ capabilit:tes have remained largely 
\.tne.xplorede · 'l'he studies att.empted to date. ·are l:i,.mi ted in their ｢｡ｾｩ｣＠ . 
assumption and at>plication in several ｬＺＧ･ｳｰ･｣ｴｾＮ＠ \verner ( 1966) $ets arb:t tary 
cof)f.idence limits on 'the ｊｮｴｮｩｲｭｾｭ＠ detectable ﾷ ｰ･｡ｬｾ＠ a.rea. 'Ji>auly ,- Buzzi 9 Girru:·di 
and Box-ella ( 1966) use a similar approt\ch· and iri aqdition rely on the measure ... 
merit of ｳｹｭｭｾｴＺｲｩＧ｣＠ pealts, Cooper { 1970) has ｵｾ･､＠ ·a ｳｩＱｾｬｩｬ｡ｲ＠ appl"oach to that 
i ·n th:ls . thesia 9 but restricts its precis:lon .t:lnd application by neglecting · 
I>eak fitting errors ｡ｮｾ ﾷ＠ using .the one poult measurement techniqu.eo 'fhe tech-:· 
nique deveioped iQ this ·chapter allO\'IS uny pealt · measuremen.t technique, . any 
preset precision and accounts for ·errors. in the peal<. fitting technique ｵｳ･､ｾＢ＠
ＧＡＧｨｾ＠ ･ｾｱ＾ｲ･｡ｳｩｯｮ＠ derived tor the sensi ti vi ty 1 imi t allow·s the ｰｲ･ｾ＠
diction of the ·low level counting cnpabili ｴｩｾｳ＠ of Ge (L:i. ). spectl"ometers. and 
an evaluatipn of their pat•ameterso 
There are several methods avai !able . for measuring the }'leak areao 
In this chapter, a pro,iection technique is · developed and used to .demonstrate 
ｾｾｮｳｩｴｩｶｩｴｹ＠ limit calculationso 
'l'hen., are two ､ｾｦＮｬｮｩ＠ ｴｩｾｵｳ＠ 9 vii th f\mdamentally di f ｦ･ｬｾ･ｮｴ＠ uaes 7 of 
tbe ｳｯｮｳｩﾷｾＺｬＬｶｩｴｹ＠ limit wll:lch nre not distinguished in the published lit-:}rntureo 
'1'hese are defined as follows:"" 
1) · For any given ･ｸｰ･ＱＢｾｭ･ｾﾷＱｴＬ＠ a cer.tain minimum precis.ion is requiredo 
'l'he ｾ･ＱＱｳｩｴｩｶｩｾｹ＠ limi:t is reacned (minimum acce,Etable ｡｣ｴｩｶｩｴｾＩ＠
when it . is j ·us.t possible to obtain the desil"ed ｰｲｾ｣ｩｳｩｯｮ＠ in a 
g1ven' cquut time. ·It is ｱｵｾ＠ t.e possible that ' due to ·the required 
Pl ... ecia:lon·, the ｰ｣ｾｬｴ＠ .•n(ly still be quite clear above the bncl<ground 
cont:i.m.mmQ 
ｾ ﾷｾ Ｉ＠ ｩｬＧｨｾＧ＠ ,!ili*n'un <lo't.tlC ｾｽｾ＼ＺＮｩＮｩ＠ ｶｩｾｊＧＮ＠ i:il ｲ･ｮｾｨｯ､＠ \'lhtm it is Just ,possible 
to ｣ｴｩＮｴＺｾｴＮｩｮｵｵＺｬｎｨ＠ uu<l ｬｬｬＧｍｵＬｮｵﾷｴｾ＠ t.ho ])(H\k l\i'(H\ in qumlt.ion ｮｬＮｈ＾ｖｾＧ＠ the l>nck-
gr•ound ｃＨＮＩｩｬｴｩｮｵｾｵｮＮ＠ In tl)it:J caae th<.} resul tinu t:JtE.\tistical precision 
:l3 out of the control ·of the ･ｾｰ｣ＺｴＢｩｭ･ｮｴ･ｲＮ＠
. j 
i 
i 
. ! 
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Both definitions are .evaluated using the same definition of 
statis_tical ｰｲ･｣ｩｳｩ Ｎ ｾｮＮ＠ 'l'hi$ is defined .as c, 
. where C ｾ＠ ,!_tandal"d . deviation of J2enlt ll!:_O,! ｰｾ｡ｬ｣＠ arel\ o .o eo ' 61111 
I£ B · :;;.'1 baclcground counts under i:he peal..: ｡｣｣ｴｾｭｵｬ｡ｴ･､＠ in a time T 
ai1d S ·::r measured peo.lt plus bacltground counts accumulated in a. tims T ·· 
then S z::: B + D 
Ignoring any systematic erro1 .. s, equation 6.1 ·is rewritten as. 
c·= 
.. t 
ＨｾＩ Ｎ＠
·s ... B . eooooooo 
B ｩｳ Ｚ ｭ･｡ｾｾｾ･､＠ indirectly and allowance must be made for the additional 
·. ｾ＠ . . . . . 
variance ( a:; ) ｩｾ｣ｵｲｲ･､＠ by the estimation of B from statistically varying 
data. E9uati.on 6.2 is hence reWJ."itten as 
C.= 
ｾ＠ -! ＨｓＫｂﾷｴＭｾＭＩ＠
D oooooooo 6o3 
The minimum detecta,ble nctivity is determined ·by ｰｵｴｴｩｾｧ＠ ｃｬＧ｜Ｑｾ＠ (aectiQn ｟ＶｾｾＴｾＲＩｾ Ｎ＠
This may he considered as the limi-ting case of ｴｬｾ･＠ 'ndnimum acceptab_l'e activity . · 
and .hence C .can ｡ｳｳｵｮｾ＠ all ·values less than !Q 
6 e 2. 1 ·. Undel" Stable Co11di t ions 
. Assuming a high stability spectrollJe:ter 7 the pealt cqunts measured 
over a tiu1e T is 
. 1 'A 1 t' 
D .= C (S_ -t B + ｾ＠ ) 2 C-oVvvJ'r:' from equation 6.:; 
and when the d(;lsired value Qf C is ·jus·t obtained fo1 .. the peal<: 
th.en _. Dt .. ｾ＠ . 1 ( · 'A > i · . 
· "-' • ｩＧｾ＠ = CT . S 1- D + <T'w . . ｾｯｵｮｴ＠ a per nu.nute 
From the definition of absohite e:t;ficiency ( EPR . ) in section .5e2 the 
ｳｾｮｳＺｬｴｩｶｩ＠ ty limit in gamma rays emitted from the source per minute i .s AE 
ｷｨ･ｲｾＮ＠
. ｾ＠
A ｟ｊＭｾＨｓＭｴＭｂＫ｡ＭｴＬＩ｡＠ · f. ｾ＠ ｾｐａｃＬｾ＠ . ·gamma l"aya per min .. ••••••oo 
where suffix E dontes anergy 
dependance. 
J 
\ 
I 
It is useful to determine AE for ｾｬ＠ given background continuum 
·by a cliJ"ect measurement of B, energy resolution and ( PR o 
-tu-ting for S in equation ·6.,LJ: fx--om 6.3 '"e obtaill 
Hence S\.lbsti-
ＰｾＰＰＰＰＰＰ＠
Equation 6.s may be used t9 predetermine a-minimum acCeJ?table or 
detectable activity for a g:i.ven spectrometer 9 provided that the parameters 
ｲ･ｾｩｮ＠ constant or calculable. \d th and 'd th<?ut the source in poai tion o B 
is determined by measul. .. ing those counts that · fall in the peal< base region . of 
interest in a - pri_or test on t11e spectrometer \t:f. th. no source pr:esent o 
If HE ,;:: energy resolution · of the ｾＭＮｰ･｣ｴｲＮｯｭ･ｴ･ｲ＠ at energy E 
then the }l'ealt ' base widt.h in channels= oooooooo 6o6 
_where v = _ratio of peak base 
V. ·R 
" -
'dd·th to RE 
d d = lte V per chapne 1 
This p.ealt base width is used in Cf.\lculnting· the value of B in equation 6o5o 
In certain ｣ｩｲ｣ｵｭｳｴ｡ｮ｣ｾｳＬ＠ the pealt ｾ｡ｳ･＠ ' :li·dth is a ｦｵｾｴ｣ｴｩｯｮ＠ of 
tho background . counts and peal<:. to bacltground ratio (Pauly et o al o 1966) o 
This is because the pealt · edges are more easily confused '"i th the bt\Cltground 
｣ｯｾｴｩｮｵｵｭ＠ as the magni tuc;le of the continuum increases . (table 6o 3) o. This 
effect should be ｡ｬｬｯ｜ｾ･､＠ for in the use of .equation 6o5 and by· the particular· 
ｰ･ｾｴ＠ fitting . technique usedo 
This is a frequent· ｯ｣｣ｵｲ Ｎ ｲｾｮ｣･＠ Ｎ ､ｾｩｮｧ＠ spectral measurement and has 
the e-ffect of ｢ｲｯｾ､･ｮｩｮｧ＠ the· 'peal<: with resultant degradation of C and Ago 
. . 
The deg:t•adation occurs through the ｾｮ｣ｲ･｡｡･､＠ bacltground continuum ｩｮ｣ｬｵ､ｾ､＠
under the penlt, and posaibl'e difficulties 'in defining the edges of the pec;lltc. 
Tlie effect bas l'lidely varying consequences, depending upon the 
uniformity of gain drift, rate of drift and the ·imminence o.f other peaks 
and discontinuities. As a demonstration of the ･ｦｦ･｣ｴｾ＠ a simple uniform 
drift rate is assumed for a pealt situatec;l upon a uniformly varying continuumC> 
. time T. 
Let the channel ｳｾｩｦｴ＠ of the peak be k channels du;ring the count 
The increase in B to be ｾ｣｣ｯｵｮｴ･､＠ for is B1 where 
oaoeooeo 6o7 
b = bacltground . count rate ·in 
ｾ＠ ｣ｯｵｮｴｳＯ｣ｨ｡ｮｮ･ｬＯｩｴｾｩｮＮ＠
ｾ＠ U/J\\/'.Ci t1,u. ｰｯＭ＾Ｎｴｨｾ＠ ｾ＠ ｾ｜ＮＮＭ｜｜Ｎ＠ .. e.. ｱｊｾｴＺＮＺ｣＠ ｾｯｬｌｾ｜ｬｴｮＧ＠ <hA\l-1) 
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a , 'l 
This ｲ･ｳｵｬｴｾ＠ in an inc.rease in the value of Ow to O""w · the extent of which 
:ls ､･ｰｾｮ､ｩＺｕｴｴ＠ 1.1pon the particular measurement tochnique usedo 
Substi tuti.ng equation 6. 7 into equation 6·. 5 gives the modified 
, 
value AE ·where 
ｾ＠ｔｾＱ･＠ quantity Ag varies appr.oximately as tlJ.e ｾｱｵ｡ｲ･＠ root of the 
peak ahift in high bacltgroun(:l counting conditions. For this ｣｡ｾ･ Ｙ＠ the 
effect ia similar to tbe' broadening of resolution considered in section 
.6o5o Ｑｾ＠
6. 3 ｾ｟ｰ･｣ｴｲｵｭ＠ ｎ･｡ｳｵｲ｡ｾＱ･ｾＧｴ＠ Ｑｾ･Ｎ｣ｨｩｬｩ＼ｬｵ･＠
ｓ･ｶ･ｲｾｦ＠ techniques are ｾｶ｡ｩｬ｡Ｎ｢ｬ･＠ for analysis of spectral infor-
mation. These · ｡ｲｾ＠ divided Ｎ ｩｾｴｯ＠ the analysis of the complete energy ｳｰ･｣ﾷｾｲｵｩｮ＠
and the analysis of .the full .energy peak. 
6.3.1 ｾｬＡ｡ｳｾｲ･ｭ･ｮｴ＠ of ｾｨ･＠ Total ｳ｡･｣ｴｲｾｭ＠
ａｮ｡ｬｹｳｩｾ＠ based upon _· the total spectl"Um· can allow the maximum infor.:.. 
. . 
mation to be obtained about the source. The common tectmique employed is 
that of strippirig.from the ｳｰ･｣ｴｾＢｭ＠ the spectral response expected for a 
ｭｯｮｯ｡ｮ･ｲｧ･ｴｾ｣＠ gamma ray ｮｯｾｭｾｬｩｳ･､＠ to the energy and ｩｮｴｾｮｳｩｴｹ＠ of each ｯ｢ｾｾｲＭ
vable ｦｾｬｬ＠ energy peako Shafroth (1967) has considered this in some detail 
for _- No.I ('i'l) spectrometers and similar teclutiques have been considered for 
Ge(Li). Bpectrc;>niete.rs, in ·particular by Helmer, ｾｬ･ｴ｣｡ｬｦＬ＠ Heath and Ga.zier 
( ｩＹＶｌＮｾＺＩＬ＠ Heath· ( 1966), ｈ･ｾｭ･ｲＬ＠ ｈ･ｾｴｨＬ＠ ｓ｣｢ｭｾ＠ ttroth, Jayne o.nd \vagner ( 1967) 
and B.arnes ( 1968) o These ｳｴｲｩｰｰｩｮｧｾ＠ are· effected mo$t commonly using :Least 
·squares·. teclmiques. The method is satisfact.ory when most of the ｳｰｾ｣ｴｲｵｭ＠
is ｳｯｾｲ｣･＠ ｧ･ｮ･ｾ｡ｴ･､＠ and the natural background cont·ri_bution i.e smalla 
ｄｩｦｦｩ｣ｾｵｬ＠ ties are Ｎ･ｮ｣ｯｵｮｴ･ｲ･ｾ＠ though when the spectrum is dominated by nat;ural 
J:?acltground events for then there is little advantage to be ga:inedo As the 
substlU1Ce of this thesis is oriented to l0\1 level- counting, the analysis 
has been restricted to the full energy ｰ･｡ｬｾ＠ alone. 
·sovort.\l techniques have been evnluated for pealt measurement using 
comptft ar us s i . s tt)nce. The least aquares technique is again commonly used 
( BlaCl(. 1969)., Ciampi, Daddi D.nd D'Angelo (1968) assume a Gaussian shape 
peale: and fit this using ｾ＠ maxitnum probability technique on to the full 
ene1"'9Y peak under investigation. Ho\'lever, the· pealt shape frequently 
deviates from a .Gaussian and systematic e:rrors ?an .be incux-redo Huang 9 
Osman and Ophel ( 1969) avoid . this problem by fitting a ｰｲ･Ｍｭ･｡ｳｾＮｲ･､＠ pealt 
ｳｨｵｰ･ ﾷ ｾｮｴｯ＠ the test spectrum. The advantage of qoth these techniques is 
that overlapping peaks may be ｳ･ｰ｡ｲ｡ｴ･ｾＮ＠ Hm11ever 9 all these analyses x·eqJ.dre 
compute!;" assistance and in lO\'l level menstlrements, · the peale: shape mny be con-
siderably distorted by poor statistics. 
Another technique relies ｵｾＧｯｮ＠ tha projection of the continuum from 
ei·ther side of the pe'alt to obtain a measure of the value of under the peako 
ｔｨｯｭｾｳｯｮ＠ ( 1969) has developed a ｳｩｭｰｾ･＠ .method t.>ut it is only ･ｦＧｦ･ｾｴｩｶ･＠ for· · 
a ｾｮｩｦｯｲｭ＠ Ｎ ｢｡｣ｬｾｧｲｯ Ｎ ｵｮ､＠ continuum. . A more general versi.on is developed belo\·T 
which may be used ｭｾｮｵ｡ｬｬｹ＠ in its simpler .version or more fully using a com ... 
puter. 
6o3o2.1 £!_lc\tl,ation of 'the Background ｕｾｲ＠ the 'Pealt 
Fig. 6.1 sho\'IS the measurement technique adopted for a full energy 
peah:., A mensurement of the continuum under the peak is performed by proj,ect-
ing a Vt\lue ｦＧｲｯｮｾ＠ the a:i.de· l·t:indm'/B WX und YZ ｣ｨｯｳｾＢｮ＠ on ･ｅｾ｣ｨ＠ side of the pealto 
The mensurod voluq D hns l\ standard devintion . of ere 
0"': 1!1 = ( a·'" a )''?.. ｾ＠
An nth or.der polynomial :ls least squares 
lVX 
where 
｜Ｇｬｨ･ｾＢ･＠
1'00000001 6'.9 
fitted to the side l·dndo\'1 
ooor:oeocoo 6r:o 10' 
the ｰｯｬｹｴｾｯｴｮｩ｡ｬ＠ value 
of channel contents 
in channel i 
ｰｯｬｹｮｯｭｩ｡ｾ＠ constants 
for ldndow \VX 
A similar polynomial i1;; fitted to the \'Iindo\'/ YZ 
"lit\ 
)
1. ｾ＠ b ,., ( 'J l . -- ｾ＠ n" oo A • 6.11 
y ""0 
where b0·-- bn = polynomial ｣ｯｮｾＱｴｮｮｴｳ＠
for window Y:Z. 
I 
! 
.I 
. : 
i 
! 
i 
I 
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Fi1]" .. 6.1 
ｾ･｡ｫ＠ . ｎ･｡ｳｵｲ･ｮｾ･ｮｴ＠ 1.'echnigue Ado)J .. ted fox:_ ,.!.., Full ｅｮｾｲ｡ｬ｟＠ ｐ･ＮＡＡＬｾ＠
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The windollf ,,idth is decided by the prevailing cm1tinuum conditions, and 
in the absence of neiqhbourit:tg peaks or other discontinuities is usually· 
a maximum of t\ITO peale base widths. Neo.sureroent has shmm that itt most 
cases the increase in ''li:ndo'"' l'lidth beyond this .brings little imp1 .. ovement. in 
ｳ･ｮｳｩｴｩｶｩｴｹｾ＠
Substitution of the channel content13 into 6.10 and. ＶＮＱｾ＠ enables 
solution,- by determinants, o( ｴｾ･＠ ｣ｯｮｾｴ｡ｮｴｳ＠ C4d" "':-a" and b,- .. ＭＭｾＺｴｯ＠ give the 
least squares fit of ( ｾＬＩＺ＠ onto the data points in WX and sim,!larly· :fo.r YZ, 
ioee if ' 
D· = 
VIJ( 
. ve R, · [t [ . '""' .. ' .. - ..... ｾ＠ _.. L d ' 
[i [·2 . I ,1\1\ l ·- ﾷｾ＠ --- .-. l 
I · o 
' I 
' 
I [ ··"' .. ' ｛ﾷｾ＠
---2: ［ｾｮﾷＧｌ＠l ·, I -
' ｛ｩｾ＠ [ '·"·' I - [ Ｎｾｾﾷﾷ＠
--... ' 
E ｾＺｾ＠ I: i ｾ＠ - - - - -. [ t ＢｾＧ＠
L ( t y,) [ \'1 •.••• - ｾ＠ [L"' 
I I 1 
I. 
' I 
I ' 
[ \f\ 
[ , 1\.+1 l" 
.... 6.12 
• 
eoeoo&lf!J 
• I [ii).""' 
' 
[ •. ｾｮ＠
where ｾ＠ . = ｲｾｴｩｯ＠ of \'Iindow 
width to pe·ak ·base 
l'lidth. 
Hence ｶｾ＠ Ｇｒｾ＠
d = number of pairs of 
data points used in \'lindm1. 
w 
-1 . 
J(Dwx 
'( ·'""' ) 
. . L ' 'ii ｜Ｎｾ＠ [·').., .. ?. ＧＧＭＧｾ＠ _____ , _ &. . ｛ ＬｾＮＮｾ＠ .. , . . ' 
ｾ ＮＬＮｴ＠ L .11n .. t· '----- .. ｾ＠. . ｛Ｈｩｾ＠ 'iJ [ . It" . ' 
)( 
6. i3 .and for a,. - ... a,\ .. , so that .finally . 0 ••• 0 .11 0. 
ｾＮ･ＮＱｨ＠ I>-- .·[ ｾｾﾷ Ｎ＠ w [ ﾷｾﾷﾷ＠- ........ l d 
'[l· ｛ﾷｾ＠ : [. ＮｾＬ＠ [ (t 'I') . \ -- .... -.... ...; _.' 
I 
_, 
f.\" ｣ Ｍ ｾ ｾ＠ • ' ' 
tt 'D\"x· 
' ' ' [ Ｌｾｵｾ＠ ｛ﾷｾ＠ . 
'--- --- [i"":' [( ｾＧﾷＧ Ｎ＠ ) ,. ﾷ ｾﾷ＠
ｲｾｾ＠ ' .,., ..... ---['lt•l . [·.,."'"' '  . .. [( ＧＢ Ｇ ｾｩＩ＠
' ,: . ;. r · ｾ＠ , , . : · 
' I ｾ＠ : • 
. · . 
. . 
· ·. 
'I • ,' '" ,•, 
... ·.• .. · .. :' . 
.-. ,. -·, , 
' ,) 
. ＱｾＷﾷ＠
·A si·milar set of equations o.re esta.bl ished for the constant a bQ ...... ..; br\. 
{ ｾｾｽＺ＠ and ( ':ll ｽｾ＠ 'are now evaluated. at \. " X t.md .; Y respectively giving 
values of ｾ＠ 11 and \jy o 
·df"J);, and ｩｾＩｾ＠ ｾｾ＠ ｯ｢ｴ｡ｾ Ｎ ｾｾ､＠ by differe.nt:tating 6.10 ·and . 6.11 'and both ｾ＠ itt " . . :. . . 
·e;alu.ated at ｾ＠ ;;; ')( fltid i = y Ｈｴ･ｾｭ･､ＨｾＩ＠ .. ｡ｾ｡ ﾷ ＨｾＩ＠ ｲ･ｳｰ･｣ｴｩｶｾｾｹＩ＠ 0 
· · . · d.• x . Cl• .Y · · 
A third orde:r ｰｯｾｹｮｯｭｩ｡ｬ＠ Ｈｭｾｩｭｵｭ＠ ｰｾｳｳｩ｢ｬ ﾷ ｾ＠ .£:or ｧｾｶ･ｮ＠ data)' · is now fitted 
betwe.en X and Y using the equati_ons:-
( ·"' . . ｾ＠ ' C, + c, 'i ... c" ' .. c. ' ) :::-: Ｍ ｾｾ＠1( 
( c, + C.-L + c·,. l .. + · ﾷﾷ ｣ＮｾｌｾＩｹ］ﾷ Ｎ＠ 'jy 
( 0. ·+ C, · + '2 c,.' ... . 3C . ｾＱＮＩ＠
· : 1 X 
{·o t· c, ' + 2 ｃｾｊ＠ + 
｜ｬｨ･Ｚｾ＠ .. e Co _, c, , C;,. . ;. ·c; · 
·are·· constants · of ·-the o;;polyuoniial 
. ｾ＠ ' . ·. . . \.. . . . :.. . . '• . 
·:to_:be dt;tteA;.in:in_¢d·. · · · ·· 
•· .-
The ｣ｯｮｳｴｾｾｴｳ Ｎ＠ Co to ·e3 · ｾｲ･＠ ･ｹ｡ｬｵｾ ｟ ｴ･､＠ by .. ､･ｴ･ｩｾｩｵｩｮ｡Ｚｮｴｳ＠ as ·t:or ｾｾ［ＬＮ Ｚ ｾﾷﾷ Ｎ ｾｴｾ＠ and 
· ·b; • ..... b., o The bacltgro,.tnd u11der the pealt is 
ｾ］＠ y 
｛ＨｾＺＩＺ＠ = 13 
;. = )( ' 
• 0 • 0 0 0 . • (I 6 0 15. 
The selection .o:t' the order o:f the polynom.ial,e Ｈｾ•ＩＧＧＮＮＬ＠ ·and ＨｾｰＩＧＷＮ＠ is dependan:t 
. " '. : y 
upon 'manual ｯｾ＠ computer data handlir.g. . ｾｴ｡ｮｵｾｬｬｹＬ＠ orders above third order 
are tedious to handle.· Care ｮｲｵｳｴ ﾷ ｢ｾ Ｎ ｴ｡ｫ･ｮ＠ ｩｾ＠ the computer analysis in that 
above f'it'th orders, there can be a tendancy for the fitted ･ｱｵｾｴＺｬｯｮ＠ to · 
oecillate through the datn points. 
Calcula:tion of' c:TW 
II¥ . iilllt::zQ . . - .• 
The .etati13tical. ､･ｶｩ｡ｴｩｯｮｾ＠ of each ｣ｰ｡ｮＬｮ･ｾ＠ contents ｣｡ｵｳｾ＠ calculable 
.] 
I' 
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devi(.\tions in the constants 0 0 to ·a... and b" to b.,. , ｴ･ｲｭｾ､＠ A0 a .to a.116 · B:nd 
b01 ｴｾ＠ b"'· • In equation 6. 13, the standard deviation of elements in the 
. determinant containi.n9 .'1• ·are written as 
+ 
-
t 
t 
( ['II )"?. 
( L ｴｾｾｾｲ＠
' 
' I 
( [( t"" ｾｾＩ＠ ｹｾｾ＠
The standard deviations· ·of, 6.16 give .the deviation$ in ｴＺＮ｜ｾＮＮＬ｡ＭＭＨ｜ｈ＠ of. ＰＮ Ｐ ｾＺ＠ to a,1E 
by ｾｵ｢ｳｴｩｴｵｴｩｮｧ＠ 6.16 into ｾＬＱＬＬ＠ giving 
( E '$1?' ( r: ｴﾷｾﾷＩＧｬｴＮ＠
. I. 
I 
I 
I 
I . \l ( [( ｩｾﾷＭ•｜ｦ＠
( [ ( 1 ... 'jl ) )"• 
apd for t\,g 
I 
t. 
[
,'\1 .. 1 
J, ' 
[ ·" . ' ' 
" . . ｾ＠ ·'"·•. r ·'" 
. ｾ＠ ｾ＠ - .... ":" ·- L t. . . ｾ＠ ·' .. 
·r ·'- . . [.,; l., L "' .. ｾ＠ -. • i . 
l · I I I . . 
I I 
I . 
I I . [ ·'" [ .,., .. \ L - ... --.;. . i . 
. [t'"' -----r .. n-o 
. so that fil)ally 
[ ;_,,.., I ----
and. ｾＺｊｩｭｩｬ｡ｲｬｹ＠ for ｢ｾｾ＠ to ｾ･＠ • 
ｏｴｾｃ＾ｏＦ･ｯｯ＠ 6 .. 17 
The· constants a05 to ｾﾷｮＬ＠ and bo, to -bNf are ｩｮｳｾｲｴ･､＠ into · 
･ｱｵ Ｎ ｡ｴｾｯｮ＠ ＶｾＮＱＰ＠ to determine. the ｶ｡ｾｩ｡ｴｩｯｮｳ＠ ﾷ ｯｾ＠ ﾷｾＢ＠ ｡ｾ､＠ ＧＢｊｹＮ｡ｮ｣ｴＨ､ｾＩ Ｎ＠ ｡ｮ､ｻｾＩ＠
. . . err )t CAt .,.. 
Ｎ ｅｱｵ｡ｴｩｯｾ＠ 6. 14 is ｲ･｣｡ｬ｣ｵｬｮｴｾ､ Ｎ＠ with these mod'ified valUe$· to ､ｾｴ･ｲｭｩｮ･Ｎ＠ the . 
. resul-ting deviations of tpe conatf;Ults . ｯＮｾＭＬＮＮ｡ﾷＮ＠ c, , namely C. a£ to C·u . With 
these constants o- is calculated to be ｾ＠ ｾ＠ ( ｾｾｸ＠ -1) cQe ｾ＠ Ｈｾｪ＠ c,. + Ｈｴ［Ｌｾﾷ＠ J C11 ｾ＠ ＨｾｾＺＮｾＩ＠ ｣ｾＬ＠ ,.,. s j i I 
I 
. ----- Ｍ Ｍ ＭＭＭＭｾＭＭＭＭＭＭＬＭＭ ＭＮＬＮＮＮＮＮＮＭＺＭ Ｌ＠ ｾ ＭＭ Ｍ Ｍ ｟＠ Ｍｾ ｜ Ｑ＠
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ＶＮＺ［ｾＲＮＳ＠ · Calculation of ... ｾｨ･＠ ｾＱＱ＠ ｅｮ･ｲｾｾ｡ｬｴ＠ Area 
\iith a ｬｾｮｯｷＧｬ･､ｧ･＠ of 8 and ｾ＠ 9 the penk art:H\ is s.i.mply calculated 
- B 
where ｾＮｳ＠ R measured channel contents in channel i ｢･ｾ＠ ween X and y 0 
lVher.e the _bacl(;ground continuum is approximately linear or \·there .an 
api?roximate · determination of ｣ｯｵｮｴｾｮｧ＠ ｬｩｭｩｴｾ＠ is required a ｳｴｲ｡［ｩＮｧｬ ｟ Ｑｾ ﾷ＠ line 
ｳ Ｎ ｯｬｾｴＺｬｯｮ＠ ·can be ·fitted ＧｾＱｩ｣ｨ＠ allow·s quick ､･ｾ･ｲｭｩｮ｡ｴｩｯｮＮ＠ For many appli-
cations this ｾｾｮ＠ give sufficiently accurate . results, but is dependant, in 
part' ｵｰｯｾ＠ the number of ｣ｾ｡ｮｮ･ｬｳ＠ in the pealt -' and the spectral 'complexi ty(l 
This technique of · pealt background meast:trement has been tried 
Ｄ｡ｴｩｳｦ｡｣ｴｯｲｩｾｹ＠ on ｳ･ｶ･ｲｾｬ＠ examples (sec·tion ＶＮｾＮＱＩ＠ • . Ｍ ｾ＠ has ｾｬｷ｡ｹｳ＠ had values 
,,IJ., . . . ' 
leas than '0 · and · ｨｮｾ＠ had a limited 'effect. ｜ ｇ･ｮｾ ｟ ｲ｡ｬｬｙＺ Ｎ ｴ＠ o;, takes value·a of 
'I . . . . . 
1\1 0.4: ｾ＠ l).ttir '-"' 1 • · · Hence if this replnces ｾｷ＠ .. : in ･ｱｴｩｾｴｩｯｮ＠ 6o5 t\ reasonable 
approximation of .1\E · may still be calculated. 
This section demonstrates the use ·of the equations derived in 
sections 6.2 and ·6 • .:;. 
ＶＮＴｾＱ＠ Use of the :BackJi!round Projection· Ｑ･｣ｨｮｾｧｵ｣ＺＺ［＠
As a ·checl<. on the technique of estimating the . ｢｡ｾｬｾｧｲｯｵｮ､＠ continuum 
under the ｰ･｡ｬｾＧ＠ measurements l'iere made upon sections of, continuum talcen from 
three spectra. . . Table · 6, 1 sho,.,s· the continua · ｵｳ･､ ﾷ ｾ＠ · A p·ealt base width of 
ten· channels is talten in the centre · of each continuum. On each side of· the 
· base ·width . a side l•.i;f.ndm·t is talten also . of one peak b.;;_tse width o A ｳｾｴｵｰｬ･＠ · 
fit WaS Ｚ ｾｕｾｱ･ Ｎ＠ on· the . ｾｩｱ｟･＠ ｗｾｮ､ｏ｜｜Ｇｓ＠ ｾＰ＠ Ｎ ｾ･｡ｳｵｲ･＠ the pealt base continuum as C011 .... 
side red in section 6. 3. a. 1. :· Table ·6. 2 shows the results ｣｡ｬ｣ｵｬｾ Ｚ ｜ｴ･､＠ i'O'r ·the 
.three continua. It is .observed that a s.imple manun.l and finear fit on 
ｲ･ｬ｡ｴｾｶ･ｬｹ＠ uniform continua is sufficient to obtain a satisfactory value for 
B. This is satisfact-ory for . a uniform ｣ｯｮｴｩｮｵｵｭｾ＠ but for curved fits 
｣ｯｭｰｵｴｾｲ＠ analysis is necessary. 
tnacla by computer. ' 
Figs. 6.2a and 6.2b show t\.,ro ｴｹｰｩｾ｡ｬ＠ fits 
ｾﾷ＠ . 
L----------'--------------------· -- ------
f 
' 
· ... 
!,able 6.1 
Three CQntinua u-sed for ｾｴ｡ｮｵｮｬ＠ Calculation of the 
Bacl4j;gr:ound ProJection ｔＮＮＡﾣＡｬｾｩＵＮ｜ＡＱＮＡ＠
Channel · Low ·Medium High Bacltground Background Backgroupd 
·330 2 220 
1 2 008 
2 · .. 1 232 
3 . . 1 2.52 
q :; 228 
5 1 236 
6 2 21.6 
7 1 217 . 
8 
'* 
216 
9 · ;i 236 
.. 
. 3110 0 198 
1 3 229 
2 2 212 
,) . . 5 .. 205 
l.&: 2 213 
5 2 ＲＲｾ＠
6 4: ｾＲＯｴ＠
7 5 232. 
8 5 2i:it 
9 2 242 
. 350: 1 257 
1 :; ＲｾＳ＠
.2 :; 21.t1 
'3 2 254 
4' 1 .229 
5 2 267 
6 1 230 
7 2 251 
8 1 235 
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Fig. ·6.2b Computer Fit on a Further ·Peak in the Spectrum 
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Table 6.2 
. . 
··. 
Data ｃ｡ｬｾｾｵｬＺ｟｡Ｎｴ･､＠ £rom 'l'a,ble 6.1 
. . 
ｄｩｦＧＺｴＧ･ｴｾ･ｮ｣･＠
Actual B Predic.ted D ｾ＠ between pr.odlcted .. 
Qnd. true a 
ＭｾｾＭＭ
30 26 2.67 .. .lA: 
• r 
2218 2l,t;2Q 19'.li() r +202 
16028 ＱＵＹｾｾ＠ lt7.4.o · .-. ·.92 
' . ｾ＠ . 
I . 
'I?. 
·e; Ｈｾｾｲ＠
5 6 
50 53 
127 ' 131 
.· ' 
. 6,'*.2 The ｾｾｩｮｩｭｵｭ＠ Detectabie Peal{: Al1 el\ 
For a given background level, energy resolution, T and C the 
minimum detectable pealt area lnay .be ｣ｾｬ｣ｵｬｾｴ･､Ｎ＠ : ｬｩｯＬﾷ［･ｶ･ｾｾ＠ , ·· ｜ﾷＱｨｭｾ＠ the, ｾｴ｡ｴｩｳﾭ
tical fll!ctuat:lona of .the background ｾｲ･＠ ai'•n·i :lal" to ｴｩｵｾ＠ Ｎﾷ ｐｾ｡ｬｴ ﾷﾷ Ｚ ｨＺ･ｩｧｨｴＬ＠ · it· 
Ｍ ｾｨｩｳ＠ becomes 
ａｾ＠ a simple demonstration of the minimum . ､ｯｴ･｣ｾｬ Ｚ ｜｢ｬ･＠ peult nt.;ea," the 
. .. 
· Ｎｦｾｬｩｯｷｩ Ｎ ｲｬｧ＠ . siiuple : experiment ,.,as performed. .A '13"l ca so"Urce \Ult:J ｣ｯｵｮｴｾ､＠ in 
fixed Ｙ ･ｾｾｴｲｹ＠ ｾｩ＠ th the 7 .4. en? detector. ﾷ ｔｾ･＠ aourc.e \'/as ｲｾｭ･ｮｳｵｲ･､＠ (for 
. . . 60 ' 
identical count times and ｾｯｵｲ｣ｾ＠ detector. geometry). ﾷ｡ｾｬ､＠ ｾ＠ Co source was 
moveq in steps . towards the detector·, thus ｩｮ｣ｲ･｡ｾｩｮｧ＠ ｴｾ･＠ ｢｡｣ｬｾｧｲｯｵｮ､＠ continuum 
while · ｭ｡ｩｮｴ｡ Ｎ ｩｮｾｾｏ＠ the 137·cs ｾｯｾｮｴｳ Ｎ＠ in the peak constant. · This \'las ｣ｯｮｴｩｮＧＺＱｾＴ＠
until the peak \'laS considered unobservable. . Tabl.e 6.:; ShO\'IS the area bf the 
ｰ･ ﾷ ｡ｬｾ＠ ca.lculated with ｾｮ｣ｲ･｡Ｎｳｩｮｧ＠ b.acltground to.gether \'lith Cn . Selected spectr.a 
(fo.l" diff.ering C) ｡ｾ･＠ ｾｨｯｷｮ＠ in Fig._ ＮＶｾＺ［Ｎ＠ ·spectrum 1 is ·quite . cleu:r and 
spectra 5 arid 6 are st;i.ll obs·ervable though· becoming· ·-indist ..inct for peru(. 
measurement •. 1'he ｰ･ﾣ Ｎ ｾｫ＠ in spect.ruin 7 .is just observable · ( C V\ • 2? ) \·thile 
ｬ ﾷ ｴｨｾｴＭ .in .spectrum 11 is ｣ｯｮｳＮｴ､･ｲｾ､＠ ｵｮｾ｢ｳ･ｲｶ｡｢ｬＬ･Ｎ＠ As an approxiritate guide; .:l ｾ＠ is taken that ｰｯｴ･ｮｴｾｮｬ＠ peults calculated. to ·ba.ve. ·C ·: 1\J. ! . or greater may · be bacltground fluctuation's and it is difficult to decipher the pealt from the continuum. 
The ｾｬ｡ｲｩｴｹ＠ of the peak is ､･ｰｾｮ､ｾｴ＠ \\POI1 the number of channels 
used ｩｾ＠ 1;he pealt .(idenlly Qptimum as C<>nsidered i-n sect.ton 3e3e3) II It is 
obser.Ye.$1 that the pealt bose ｜ｾｩ､ｴｨ＠ is ｬＢ･､ｵｾ･､ Ｎ＠ o.a C ｩｮ｣ｲ･｡ｾ｡ｳ＠ ( ·tublo 6. 3)" 
,. .·· 
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Table ＶＮｾ Ｎ＠
Constant AreA Peale. Remena\lred on ｾｴＺｬＮ＠ ｾｮ｣ｲ･｡ＮｦＮ､ｮｧ＠ Baclq;zround 
ｓＺｰ･ｾｴｲｵｭ＠ Pealt 
ｎｵｭ｢･ｬｾ＠ s B D. cr;; B"se c· ｜ｾｩ､ｴｨ＠
1 • ＲＳＱ［ｾＺ＠ 75 159 t8.o 6 0.11 Ｈｾ｢｡ｩＱｮ･ｬｳＩ＠
2 ·270 120 150 20.0 6 0.,13 
:; 
. 305 1:;2 173 22.0 6 0.12 
4: .( 361 198 163 ＲＵｾＰ＠ 6 0.15 
5' • /!91 308 · 182 · 29.0 7 0.16 
6 • 627 '-1;75 152 ＬｾＮｯ＠ 5 Oo22 
7 • '821 ,• 675 ＱｾＶ＠ 1.1;().,0 5 Oe27 
8 1220' 1061 :l.59 /.J:9 .• 5 ＱｾＺ＠ 0.31 
9 2078 - 1860 218. 65 .• 0 ·:3 ｯＮｾｯ＠
10 . 1872 -1660 212 61.5 l-j . ｯＮｾＹ＠
11 • 271J:7 2530 21:3 ＷｾＭＵ＠ lJr, 0.35 
.. These ｳｰ･｣ｴｾ｡＠ sbo\•m in Fig. 6.3 
the repeatibility of the parameters _of equation 6.5 in the prediction_ 
ｳｶ･｣ｾｲｵｭ＠ and. the source · + background_ spectrum. In general_ E:""' C 9 T and 
RE are maintained: constant with little ､ｾｦｦｩ｣ｵｬｴｹＮＬ＠
ｈｯｷｾｶ･ｲＬ＠ the ｭ｡ｩｮｴｾｩｮｩｮｧ＠ of the ｢｡ｾｬ＼Ｚｧｲｯｵｮ､＠ ﾷ ｣ｯｾｴｩｮｵｵｭ＠ is diff'icul t 
if a ｾｩｧｮｩｦｩ｣｡ｮｴ＠ p.;,rt of ｴｾ･＠ continuum is ｡Ｎｯｵｲ｣ｾ＠ generated, In cases where 
the major ｣ｯｮｴｲｩ｢ｵｴｩｯｾ Ｍ is _from natural ba.c.kground: or other interfering sources 
and the detector has a good peal-t to Compton ra:tio9 . the : ｣ｯｮｾｩｮｵｵｭ＠ level ｾｳ＠
ｲ･ｰｲｾｳ･ｮｴａｴｩ＠ ve of the source plus bacltground mecu:mrement, within statistical 
variat.iona. ·In tliis case direct predictions are madt:1 sa-tisfactorily. · 
The use of ｾｱｵ｡ｴｩｯｮ＠ 6,5. is ､･ｭｯｮｾｴｲ｡ｴｾ､＠ by the following ･ｸｮｭｰｬｾＮ＠
The 7. 4: cw.3 ｡ｾｴｩ＠ ve vo_lume detector . was use·d to measure ｾｴ｡ｮ､｡ｲ､＠ ,shape 137 Ca 
sources made up with standard bottles in ｾｮ＠ easily repr9ducible ｾ･ｯｭ･ｴｲｹＮ＠
In this conf:l.guration· ｾ＠ P" was measured . t _o be. ｾＰＰＰＸ＠ for ·137 Cs ｧ｡ＱｾＱ｡＠ rays ll 
The ｢｡｣ｾｴｧｲｯｵｮ､＠ continuum at 662 keV was measure.d for several dif-
ｦ･ｾ･ｮｴ＠ ･ｸｰ･ｾｩｭ･ｮｴ｡ｬ＠ arrat'igements __ (Table 6.4..) for the 7 ."1* en? ､･ｴ･｣ｴｾｲｯ＠ Froin 
ＱｾｨｩｆＮＳ＠ data, the ｾ･ｳｯｬｵｴＺｬｾ ﾷ ｮ＠ und· the moasured vt\lue of ( PA , , the ｭｩｮｾｬｽｬｾｭ＠ _  accep..,. 
ｴｾ｢ｬ･＠ ｾ｣ｴｩｶｩｴ Ｍ ｩ･ＬＮＮＺＮｬ＠ of ·137 Ct:$ wer_e calculnted fot' a p:r;e-ohoaen c and_ T .(Table . 6;,4) •.I 
ｓｯｵｲ｣･ｾ＠ ,u.( thoao strengths were aitnnufnctured ｦｲｯｾＱ＠ i\ standord ｬｩｱｵｾ､Ｎ＠ concen- ! 
tr..t11d ｾＺＧｓＷ＠ C!l source and Cl;\rofully diluted in ､ｾｳｴｩｬｬ･､＠ ,,...,tor to 1\11 estillll\ied ·1 
. .-
135 
Fie· 6.3 
ﾷｐ･｡ｬｾ＠ of Constant Area Si tuatt1d . Ueon n'!,,.1E,2fe,t'.PJng ｾｮ｣ｊＮＡＮＦｉＡｾ＠
100 
counts 
0 
16o 
counts 
110 
6o 
t· I 
spec 1 
c = 0.11 
. ' 
, . 
' 
i 
i 
120 
70 
. . 
ﾷ ｾ＠
200 
spoc 6 
C rn 0.22 
.. 
•. 15.0 
.. 
' ' 
·-----...,..-' 100 
i 
spec 5 
C = .Oo.1.6 
i 
ｾｬｽ＾ｏｃ＠ 7 
c .r.: 0.27 
;. 
700 
counts 
650 
6o.o 
Fi2• 6.3 (cont9) 
o· 
.o 
ｾＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭ ﾷ＠ ----J i 
spec 11 
c = 0.,'35 
i 
. ! 
"i 
l ｅ｡｣｟ｾｧｲｯｵｮ､＠ }feasured C-ondition Background {under peak) 
No shield, 
.6o plus . Co 1901 .cpm 
source 
?io . shield 3o93 cpm 
5cm lead ·o.2 cpm 
1:'Jc::rr: lead 0.11 cpm 
Table 6.1: 
Comparison o:f' Predicted and Achieved Activitie.s 
Pre'dicted }1easured 
Source Strength .Source Strength Set C Measured C 
70 nCi · 68-nci 0.10 0.10 
3.6 nCi · 3.8 nCi 0.10 . 0.09 
120 pCi 14opCi 0.20 0.17 
.. 
. 70 pCi 70 -pCi 0.20 0.20 
Count Titr.e 
50 min 
50 min 
6oo min 
6oo ·min 
Expected 
.AE -:for ｾ］ＭＡ＠
26 nCi 
2.3 nCi 
65 pCi 
42 pCi 
i 
)-l. 
ｾ＠
-...] 
- - . -- -----··--· - --·- -- -- -- -- --· ····-·- -- ··- ····-· -- --- - --· · ---- .. Ｍ ＭＭｾＭ ·- · -··- ___ ; ... ··-- Ｍ Ｍ ＭＭＭＭﾷＭﾷＭＭＭＭｾＭＭＭ ·- --· ---·- - --- -- -- ·- ---- --------·--. ·---·-- -------- -:- -=--==;::-.-.::::--:---:-:· :--::-·- --- - -------------· 
\ 
138 
erro:r of :.!:5?6 and counted :for the set times. From these spectra, the 
·activities were . calculated and tabulated together w'iih C in '!'able ＶＮｾＮ＠
It is observed that the values ｳ｡ｴｩｳｦ｡｣ｴｯｲｩｾｹ＠ ｣ｯｭｰ｡ｲ･ｾ＠ conf.irndng the 
use of this equation for these . counting conditions, 
The minimum detectable activity (CIV!) of 1.:37 cs \\'as also ca.lcul ... 
ated and 'tabulated to shO\., the level at \\'hich ·1:37 Cs may be considered just 
observable above bncltgrotind continuum. 
Equation 6.5 sho\'t'S that the s<Hlsitivity limits are dependant upon 
severl.\1 ｰｯＮｾＢﾣ｜ｬｮ･ｴ･ｬＢｓＬ＠ llE.unelyz-
1) ｾｮ･ｲｧｹ＠ ｒ･ｳｯｬｵｾｩｯｮ＠ (RE) 
2) .Statistical Precision (C) 
:; ) Bacltground Continuum (B) . 
ｾｾＩ＠ Absolute Full Energy Peak Efficiency ( ｾｐｦｬＩ＠
5) Count Time (T) 
.E:ach of these has a different effect upon AE ｡ｾ､＠ consideration of equation 
6,5 determines tbe significance ｾｮ､＠ ･ｦｾ･｣ｴ＠ of each parameter. 
A ｧｯｯｾ＠ energy ｲＭ･ｾｯｬｵｴｩｯｮ＠ detector t\llows ｳｵｰ･ｲｩｯｾ＠ spectral annlysis 
and optimum ｳｴ｣ＭＺｾＮｴｩｳｴＮｩ｣｡ｬ＠ precision. The pel.\lt base \'lidth is expressed us 
·'!]., 9 neg ｬ･｣ｴｩｮｾ＠ ｢ｾ｣ｬ＼ｧｲｯｵｮ､＠ effects E.\11d gain dri:ft 9 
d 
Let Btt represent the bacltground contil1uum, in counts .per channel, 
· under the peak. Then assuming a uniform continuum, the bacl{ground B is 
counts 
As the energy·reaolution·broadens, B is assumed to increase linearly. 
Ｇｦｨｩｾ＠ simplification· of the practical case yields the appx·oximate effect of 
ener-gy resolution on AE. 
to give 
.Equation 6.20 is substituted·into equation 6.5 
0 0 . Q G G 0 e 0 6.21 
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Fio •. ·6.4 
The -Variati"on .of ａｅｾ＠ (p.x T .with ·RE for Various Background Levels (c = 0 •. 1) 
10 20 30 4o 
Energy ｐｾｳｯｬｵｴｩｯｮ＠ (keV) 
Backgr.ound Level 
B = 50 cpm,itev 
B = 10 cpm/keV · 
B = 1.0 cpm/keV 
B = 0.1 cpm/keV 
B = Oo01 cpm/keV 
B = 0.001 cpm/keV 
.... 
\,N " 
'-0 
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All parameters are ｾ･ｬ､＠ constant while the energy ｲ･ｾｯｬｵｴｩｯｮ＠ is 
J_ 
ｩｮ｣ｲ･｡ｾ･､Ｎ＠ Equation 6.21 is plotted for varying RE, Btt and ｾＢ＠ 1\1 o.4:B 2 : 
Fig" 6.4 shows the variation of _ ａｅ ﾷ ｾｾＢ＠ T \'lith resolution · for differing , .. 
background ｬ･ｶｾｬｳ＠ and with-C = 0.10. The energy resolution range is extended 
to cover both Nai(Tl) and Ge(Li) spe_ctrometers" 'l'he bacJtground levels are 
tho$e ｾ｡ｮｧｩｮｧ＠ from low level experiments (Shafroth 1967, _Watt and Hamsden 
196Ll:) ' to high count l'L\te ･ｾｰ･ｲｩｭ･ｮｴｳ＠ .. 
The fo.llowing observations are made on. li'io. 6.JH .... 
1) Very high · energy l"esolution counters have the best low level 
capabilities. As the ｲ･ｳｯｬｾｴｩｯｾｬ＠ falls below 10 lteV, the rate 
of improvement in sensitivity ｩｾ｣Ｑ•･｡ｾ･ｳ＠ rapidly. Halving the 
resol-ution o:f a Ge (Li) detector has a greater ef!ac-t than hal v-
ing the resoluti'on of a Na.I(Tl) ､･ｴ･｣ｴｯｲｾ＠
ｾＩ＠ In very _ low .level background conditions, improvement$ in energy 
resolution has less effect, except in the presence of interfering 
peal(S. 
::.S) Consideration of equation 6.5 and Fig. 6.l_. shows that the effect 
of energy resolution is strongly dependant upon the statistical 
precision ｲ･ｱｵｩｲ･､ｾ＠
6o5•2 Statistical Precision 
This parameter has considerable effect -on AE and· the precision 
should be carefully ｪｵｳｴｩｦｩ･ｾ＠ before the experiment is performed. Fig. 6.5 
shows the variation of AE \d th C, plotted ､ｩｲ･｣ｾｬｹ＠ !rom equa-tion 6,5, for 
different background levels. All ｯｴｨｾｲ＠ ｰ｡ｲ｡ｭｾｴ･ｲｳ＠ areheld constant. 
Ｇｔｨｾ＠ following observations ｡ｾ･＠ made on -Fig, 6.5:..,. 
1,) · As c ｩｮ｣ｲ･｡ｳ･ｳｾ＠ A".E rapidly ·decreases at a rate · depend.i'n_g upon the 
particular :bacltgr.o\lnd level. 
2) ··At low .1;.\ackgt•ound ｬ･ｶｾｬｳ＠ (B...,.. O) AE ｶ｡ｾ＠ .. ies ｮｰｰｦＮｯＺｴｾＺｩｭｾｴ･ｬｹ＠ as ｾＧ＠
\'lbicl1 is a · eommonplace result, Tbus 4 factor of 1() _(lrop :ln 
preci.ei.on results in a fac"l:or of 100 impJ;"ovet11ent in ·.f\E'1 · 
6. 5. J UacltQround. ｃｯｮｴｾｲｾｵｵｭ＠
l'he continutnn ｵｮ＼ｬ･ｾﾷ Ｍ a IHJtlk ｨ｡ ﾷ ｾ＠ twu ｢ＬＬｾｬｩ｣＠ contt:lbut:i.ona, namely 
ｬ Ｇ ｕ Ｚ ､［ｵｴｾｾｬ＠ ｢ｵｃｾｴｻｾｬＢｏ｜ｕＧｬ､＠ {.\lld th{:.\t IJOUt'Ctll gunc!r.r,\t()d. 
i 
.: 
. ｾ＠ ·' 
The 'Variation. of AE with C for Difi'erent B 
25000 
5000 counts 
l. 
1.0 
c 
50 counts 
Natural backgro'L'nd origins have been · intensiv:e_ly .investiutlted 
and do<::umentecl (Eisenbud 1963, Adams and Lo\'lder ｴＹＶｌＮｾ［Ｌ＠ ｨＧｾ｜ｴｴ＠ c.\nd Hamsden 196l.1: 
and Sl:lafroth 1967) using gas and scintillation ､ｾｴ･｣ｴｯｲＮｳＮ＠ In n given count-
. ing ･ｮｶｩｲｯｮｭ･ｮｾＬ＠ there is a bacltground flux of radintion BFEt a function of 
·energy. As the flux intensity increases, ｴｬｾ･ｲ･＠ is a corresponding increase 
in BpE, the continuum ｭ･｡ｾｵｲ･､＠ by the detector in that counting environment. 
The ｲ･ｬ｡ｴｾｯｮ＠ ｢･ｴ｜ｴｾ･ｮ Ｎ＠ BoE and BFE ｣ｨ｡ｮｾ･ｳ＠ if the ·sensitive volume of the 
detector .changes. As an approximation it . is assumed that the. relation 
ｾ･ｴｾ･･ｮ＠ BFE· and sensitive volume is linear, ·to demonstrate the effect of 
ｾ･ｮｳｩｴｩｶ･＠ volume size. 
｜ｾｨ･ｮ＠ 13 is largely · source generated, background shielding has little 
ef·fect and eLm <-wen degrude · ｴｴｾ･＠ spectrum through scattering in the shieldo 
li'or nut_tU"C\1 . ｢｡｣ｬｴｧｲｾｵｮ､Ｌ＠ shielding is useful ｴｾｮ､＠ the ＼Ｚｾｦｦｯ｣ｴ＠ o:f shieldinu is 
calculable. 
Consider a ｳｰ･｣ｴｲｯｮｾ･ｴ･ｲ＠ in· which .the shield.i.ng is increased ｬｾｨｩｬ･＠
. . 
the detector characteristics are held constant with the doittinant contribution 
to. D being from BFE• Equation 6.5 ·is plotted for ､･｣ｲ･｡ｳｩｮｧ ﾷ ｬｾｶ･ｬｳ Ｎ＠ of B. 
ｬｩＧｩｧｾ＠ 6.6 · shc':n'ls the variation of AE \iith B for C = 0.1 and 0.01. The · lower 
background. :J,evels shown . are ·those typical fy recorded Ｈｓｬｾ｡ｦｲｯｴｨ＠ 1967) ,.,i th 
ve:ry ･ｦｦｩ｣ｩ･ Ｎ ｬｾｴ＠ shielding·. 
The· ｦｯｬｬｯｾｩｮｾ＠ ｯ｢ｾ･ｲｶ｡ｴｩｯｮｳ＠ on the effect of B on AE are ma4e:-
A ｬｾｲｧ･＠ drop ;ln background does not bring a ｣ｯｲｲ･ｳｰｯｾ､ｩｮｧ＠ drop in 
·_the minimum acceptable ｡｣ｴｩｶｾｴｹＮ＠f 1) 
2)' ··Fig. ＶｾＶ Ｎ＠ ill:ustrntes thri :general result. ｴｨｾｴ＠ little improvernent 
ﾷ Ｎ ｾｮ＠ accuracy is . gained by ｬｾ｡ｬ､ｮｧ＠ the. signal to backgroUtlCl ratio 
greater tnan ｾ＠ 1.0 
it 'is t:;een .that ｾｨ･Ｎ＠ ｡ｰｰｬｩ｣｡ｴｩｯｾ＠ of massive shielding· produces diminishing 
ｬＧＢ･ｴｵｲｾｳ＠ in iniprovement in ｳｰｾ｣ｴｲ｡ｬ＠ response. Bearing in mind the cost of 
such 13hielding 9 tbe cost. of ｡ ｟Ｎ ｳｰｾ｣ｴｲｯｭ･ｴ･ｲ＠ should be carefutly bal:anced 
·.}?etween detectors ·and $hield. 
ＶｯＵｾＴ＠ ａ｢Ｄｯｾｵｾ･＠ Full ｅｮｾｲｾｸ＠ Peak EfticienQz 
·The ·effec·t .of Ｈｰｾ ﾷ＠ on ａ Ｑ ｾ＠ is partly dependant upon the bacltground 
:l.r1utet3 and ＨｾｦＧ＠ · 'is ｩｮ｣ｲ･｡ｔＺｾ･､Ｌ＠ ｴｴｵ ＮＺ ｾ＠ source ｯ･ｨ･ｾ｡ｴ･､＠ cont:hmn · und ))enlt _ ｣ｯｾｮｴｳ＠
ｴｾｬｦｪｏ＠ inqroaso :Ln rough pro_portion, partially o:f.ffJ(!ttino tha improveme11t ln An:• 
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Fig. 6.6 
The Variation of AE with ｂ｡ｃｫｧｾｯｵｮ､＠ Continuum 
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B {counts under peak) 
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c = 0 .. 01 
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curve x 10 . 
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｜ｾｨ･ｮ＠ the baclc.ground is largely environma11tal, then an ｩｮ｣ｲ･ｾｳ･＠
ｩｮｾｾ＠ at constant·· ｳ･ｮｾＺｩＮｴｩｶ･＠ ·volume· yields an ｾｰｰＮｲｯｸｩｭ｡ｴＺ･ｬｹＺ＠ c9r1'"esponding: 
decrease in AEo The. aignif.icance of .. an optimised geometrical efficiency 
for low ｾ･ｶ･ｬ＠ met\SUremel'lt is thus ･ｶｩ､･ｮｴｾ＠ ' \il1en the only moans of increas-
.ing '(Pf\ . is bY increasing the volume of the detector, the ｢｡｣ｾｾｧｲｯｵｮ､＠ level 
will similarly increAse. Fig, 6. 7 sho\'IS the Ct\lculated variation of A)j; wJ.th · 
ｾ＠ ｾｑ＠ fol .. diffel"ent -levels of . B, assuming a pre-optimise.d · ｾｓ＠
The follo\dng observations are made Oil ｾｾｴ｜＠ a-·· 
1) The optimisation · of ｧ･ｯｭ･ｾｲｩ｣｡ｬ＠ efficiency Call yield considerable 
improvements in ｳｾｮｳｩｴｩｶｩｴｹＮ＠
2) The increase of effic;i:ency ｢｡ｾ＠ its g'reatest effect \'lhen measuring 
'\'leak ｡｣ｴＺｴｶｩｴｦｾｳ＠ in low level environments. 
'l'he above calculations ｣ｯｮｳｩ､ｾＮｲ＠ small sources placed near the 
cryostat· end wiridow. . 1'he cas.e. often arises of improving the source counts 
·by increasing .quantity oi' source material (if avLdlnble). The effects of 
usi_ng larger volume sources are· demonstrated by the data ｯｾｴ｡ｩｮ･､＠ in section 
. 5.:3,2 for the ﾷ Ｗ･ｬｾ｣＠ ｣ｾＳ Ｎ＠ detector. \1/hen ｾｐｉＧ＠ was measured for -. eAch volume 
source, · ｴｨｾ＠ natui"f.l.l bacltground ｾＧｬ｡ｳ＠ also measured over . a · 10 hour period for 
that geometry w':tth the source repla<?ed by distilled water and ldth the 
·addition of 5an of lead shield. · Using this background data, the data for 
ｾｴＧｾ Ｍ ｾｾ＠ ｳｾ｣ｴｩｯｮ＠ 5e.3o2 ｾｮ､＠ _setting C = OQ2, AE ｷｾｳ＠ calculated for differing 
energies· and ｶｯｬｵｭｾ Ｎ Ｍ sources. Table 6.5 shows. the variation of minimum 
acceptable .activity for ､ｩｾｦ･ｲＺｬｮｧ＠ ene_rgies and ve.>lurneso 
Fl .. om this data, the improvement gained · (in cpm,Anl ) can be observed 
\oihen a liquid soul"Ce is ｣ｾｨ＼ｾ･ｮｴｲ｡ｴ･､＠ Ｈｳ｡ｾ＠ _by ·evaporation) from 166o ml to 
Oo5 ml o Table 6."6 shows the vnr.tntiop of.' minimum acceptable nct.i vi ty \d th 
sample reducti.on. Certain individual vt\rint:lons it1 the data are caused 
variations in ｴｨｾ Ｍ baclc.gi"ottnci spectrum. Practical measuremen-ts may hnve 
other .variati<;>ns due to denser source ｭ｡ｴ･ｲｩｾｬＬ＠ different · energies, and 
ｩｮｨｯｭｯｧ･ｾｩ･ｴｩ･ｳ＠ ·,v-i ｴｨｩｾＱ＠ the material being measured. 
Consider the case when 1 photon :i:s ｾｭｩｴｴ･､＠ per dis.integ:ration. 
Then ｳ｡ｮｾｬ･＠ reduction Ｈ｡ｳｳｵｾｩｮｧ＠ no activity loss) at ＵＶＹ Ｎ ｾ･ｖ＠ improves the 
ｳ･ｮｳｾｴｩｶｩｴｹ＠ from 0.34 ｰｃｾＯｭｬ＠ to· Ｎｯｾ＠ pCi/ml while :for ·the 1333 lteV line the 
sensitivity is improved from 0.27 pGi/ml to ＰｾＱＱ＠ pCi/ml. '£heue general 
It ｾ｡＠ obsex-ved thnt Ｚ ｾｮ＠ tJpitc;1 of lnrge volume reductions, the 
a ens i .t i vi t y :( u changed by :t:.e sa than .fUl · (.l:rder .oi' moon :i tude , ｭｾ＠ ing l o'" 1 eve 1 
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xariation of ａｾ＠ ｷｩｴＩｾｾｾｾ＠ for. Different. ｾｬ＼ｴｊｬＢｏｕｮ､＠ Levels ＨｃｾＺＰＮＱＰＩ＠
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ＱＰﾰ ﾷ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭﾷＭＭｾﾷｾＭＭＭＭＭＭＭＭ0 10 
Bncltground 
Level 
-------.._,_, · 10 cpm/lteV 
ＮＮ｟Ｎ｟ｾ ﾷ Ｍ
ＭＭｾＭＮＮＬＮ｟｟｟｟｟｟＠ 1o0 cpm/l{eV 
----
---· 
0.1 cpm/keV 
ｾ＠
20 : 30 
. E.PA (arbitrarY: units) 
: 
. . 
Source 
Volume 
(mi) 
ｯＮｾ＠
18o 
ｾｾ＠
Y.flria ti on of 'Ar· * ( ｾｸＲｲ･ｳＤ･､＠ in i (min from source) 
with ｾｮ･ｲｧｹ＠ and Total Source Volume 
-569 &cev 6o5 ｬｾ･ｶ＠ . 802 lteV 1173 lceV 1333 ltoV 
229 25lt . . 333 4.4.0 415 
1K>2 . 5'*1 .619 700 635 
:;80 :. . ·5110 ｾＲＳ＠ 783·. 835 750 
Boo 784: ' 
1160 957 
. . 
166o ＱＲＷｾ＠
825 1070 : 1010 
.. 
1000 1289 1090 
1230 .1625 1090 
• for C = 0.2, · T = 600 minutes 
Scm.thick lead shielding . 
Table . 6,6 
875 
920. 
Ｙｾｾ＠
1365 ·keV 
356 
615 
855 
·1040 
1175 . 
2220 
ｖ｡ｲｩ｡ｴｩｾｮ＠ of ａｾ＠ ·(in . i /min/ ml of soux-ce) ﾷ ｡ｾ｡＠ l .iguid ｾｯｵｲ｣･＠ is 
EvaEorated to Concentrate its Volume. ｦｲｾｭ＠ ｴＶＶｯ Ｎ •ｾｴｬ＠ ·to g .:zml 
'(Calculated from Tabl.e 6.5) 
Squrce 
Volume 569 ｾ･ｶ＠ 6o5 keV · 802 keV 1173 keV 1333 keV 1365 keV 
. <.U1> 
. . 
. o.s· 0.177 0.153 0.20 0.27 Ｐ Ｎ ｾＲＵ＠ 0.21 
. . 
180 0.24:? o.3:; 0.37 o.42 0<>38 0.37 
ｾＦｯ＠ o.:;:; 0.37 Oo47 o.so ﾷ ＰＮｾ Ｍ Ｕ＠ 0G5.2 
800 0.47 o.so· o.6l:1 Oa53 Oo53 o.6:; 
1169 ｏｴｾＵＷ Ｎ＠ 0.60 0.77 0.66 OQ55 0.71 
'166<> 0.77 0.74 1.00 o,66 0.59 1.30 
-
·I: 
l· r II 
I 
I 
I 
! 
I 
act:i.vi ty measurements without volume l"eduction possible .. 
6.5.5 Count Time 
. The effect o£ count time is simply assessed on the assumption that, 
within atatistical variations, a doubling of count time doubles the value of 
the' background ·continuun1 to be accounted fore Fig. 6.8 is a graph showing 
t .he variation of Am wi1:h T for differing ｢｡｣ｨＺｧｲｾｵｮ､＠ levels. V:i,rtually · any 
｡｣ｴｩｾｾ＠ ty may bo rneasut .. ed if one is prepared to wait lono enough und the 
system atabi l:l ty is sufficient.. · The crhoice of cour1t time fox:' low level 
measurements is ultia\1ately governed by the numbers of samples, cost of 
spect17omete.r:- time .and apJJar£\tus availability, unless a short half life iso-
tope is being measured. The greatest effect of count time is for lo\'1 baclt ... 
ground levels (Fig. ＶｾＸＩＮ＠ It is also observed that a doubling of count 
time ·doea ｾｯｴ＠ correspondingly reduce AE• 
ｔｨｾ＠ above analysis is valid while the isotope hal.f life is . long 
compared· with 1'. 'l'he CQ.Se is now considered where the half life is compar-
able. with T. An optimum count time is calculated on the basis that i£ the 
count time ia too sho1 .. t then the statistical prt:'lcision oi' D is impaired and 
ｾ＠ f it i a too long then op is ｩｭｰ Ｎ ｵ Ｎ ｩｲｾ＠ ｴｨｲｯｾｧｨ＠ excess u. An c-l.xpression may · 
bl=! · der;ivect for c · where B and D are functions of T. This is differentiated 
.w:i th ｾ｡ｳｰ･｣ｴ＠ to T and the rninimim1 value determined to gi V<=! the· best T,. 
The optimum choice o:f 1' det)ends upon a. forelolO\iledge of the isotope 
.expected. An exact _optimum is difficult to ca.lculate if there are many 
dii'fel"ing isotopes measured in the ·one sample and the continuum is also time 
dependant. As a simple illustration the following _example is considered" 
Consider a :full energy peak having an initial count rate Jo.deca.y-
:ing with a · decay ｣ｯｮｳｴ｡ｾｴ＠ )\_, situated upon .a background continuum ,.;ith a 
constant count rate under tlie peal< of h" and a ､･｣ｾｹｩｮｧ＠ component with a. 
decaying compo1ient ini tial.ly of b0 with a de·cay constant ｾ｢＠
'l'hc cou11t rate in the ftill energy peal-t at time 1' is dot. where 
'l'he count ra.te in the bacl<uro\.\nd continuum under the pealt. at 
timE) 1.' ;I.e bot where 
I" 
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ｄ｡｣ｩ｣ｮｲｯｵｮｾ＠
Le'[!! 
. ---..__ 0.1 ｣ｰｮｬＯＱｾＭＺ｣ｖ＠
-----. . ｾ ｾ＠ · . ---....-. . ｾ＠ 0.01. cpm/keV . . . ｾ＠ ... _______ . 
ｾｾ＠
. -
<:? oOO 1 cpm/keV 
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.· ﾷﾷｉｊＺｬｴ･ｧｲ｡ｴｾｯｮ＠ of 6.22 and ＶｾＲＳ＠ yields P and .B at '.rime T, 
• 0. ｾﾷﾷ＠ ••• 
D • O 0 0 o' 0 0 0 6.26 
Ｈｮ･ｧｾｏＺ｣ｴｩｮｧ＠ OW) 
. . 
·substituting ＶＮＲＱｾＺ＠ and 6.25 into 6.26 ｹｩ･ｬ､ｾ＠
.· ｾｾＨＱ＠ ,-i).pTJ + 2 bKT + ｾ｛ＱＭ ＮＮ｟Ｍ＾Ｎｾ ｟ ｲ｝｟ﾷ＠
C ｾｄ＠ . : . . . Ab.. . 
·. = ｾ＠ [1.- ｾＭｾｾｔｊ＠
)\0 . 
6.27 
c is a minimum \thenie ｾ＠ 0 and ｨｾｮ｣ｾ＠ '!' optimum. 
· · . · · cAT· 
ｾｩｾｦ･ｲ･ｮｴｩ｡ｴｩｮｧ Ｎ＠ 6.27 \dth. respect to T ｾ､＠ .equat·ing .to 0 gives 
::;;:(flo [1- -i).;f) + Z b.i + :U, [1- ｾＭｾＢｔ｝＠ ､ Ｐ ｾｾＬＮｔＩ＠ｾｾ＠ . . ｾｾ＠ . . 
· .. .' This reduce·s 'to give 
Ｎ ｾｬＩｔ＠
.-e., . 
• •••••••. 6 .• 29 
· ｾ Ｍ ｦ＠ the ｢｡｣ｬｾｧＮｲｯｵｮ､＠ is purely· constant then ｴｾ｡＠ ､･｣ｾｹ＠ constant ｾ｢＠ is infin:i. te . 
·and llence for a:. decaying sou.rce count .upon · a · ｣ﾷｯｾｳｴ｡ｮｴ＠ c·ont-inuutn 6. 2_9 reduces 
to 
+ 
Equations 6.29 and. 6.:;o ｮｲｾ＠ illustrated by the follow!ng exanipleo 
ｃｯｮｳｩ､･ｾ＠ a spectrum -in which bo ｾ＠ ｟ ｢ｾ＠ ｾ［［ｾ Ｎ ＵＰ＠ c.p.m. ｾｮ､＠ do = 10 c.p.m. 
0·6q3 . 0·'"' . . . Le.t -:-r- = 6o mins ｾｮ､＠ ｾ＠ = 120 m1ns_. · This data is used to show the . 
: 1\1> . · t'b 
variation of C wi tb _T in equation 6.27. ｆＮｩｧ ﾷ ｾＮ＠ 6.,9 snows a graph of C against 
'l' for a ｃｦＩｮｳｴ｡ｊｾｴ＠ · ｢｡ｾｬｴｧｲｯ ｟ ｵｮ､＠ and a ､･｣ｾｹｩｮｧ＠ bQ.cltground component o l-1inima . 
Fig. 6-·9 
Calculated Exampl-e o-:f AE varying with T "for. ·.short Half Life ｅｸｰ･ｲｩｾｮｴ＠
A = <;ase Calculated :for Constant Background {'be. = blC ) 
-.>.-.' B = Case Calculated for Decaying Background ( bl: = btc + h0 ｾ＠ ) 
0.31- \ -, ｾ＠v, 
0 
B· c.l \ ｾ＠ I 0.2 ｾ＠ . . ----Ｍ ｾａ＠
0.1 
I 
b 
o 100 200 sao 4oo 
T (minutes) 
151 
are observed at the values calculated from equations ｾＮＲＹ ﾷ ｡ｮ､＠ 6.30o 
From .Fig • 6 o·9, it \d 11 be observed that the mi11ima are :shallol·T 
so that provic1ed the count time is ap:pro:n:imately correct, the ･ｊ｣ｰ･ｲｾｭ･ｮｴ｡ｬ＠
precision will be ｯｰｾｩｭｵｭＮ＠ Because of the shallo\mess of the minima, a 
limited: number of ､ｩｦｾ･ｲｩｲｾｧ＠ half "l{f'e isotopes may be counted in ｮ･ｾｲ＠
optimum count time conditions·. 
. ｾ＠ .. . ｾ＠ . ｾ＠ . :. .• 
The 'lowe:;;t· ｬｾｶ･ｬ＠ ｭ･ｾｳｵｲ･ｭ･ｾＱｴｳ＠ ｰ･ｲｦｱｲﾷｭｾ､＠ with. Ge (Li) · detecto.t•s 
repo.rt:ed so ＺｦＮｾｲ＠ were carJ..,ied ·out ·by ｐｬｩ･［ｴｰｾﾷＬ＠ ｈｾｾｭ｢ｹ ﾷ ｾ＠ ｓｨｯｾﾷ･＠ and. ｐｯｴｴ Ｎ ･ｾ＠ .<. ＱＹＶＸ ﾷ ｾＬ＠
ｐｾｴｴ｣ＺｵＬｮ＠ et. al. ( t968), Ｎ ｃｯｯｾｾｲ ﾷ Ｌ＠ \voginan, ｐｾｬｩｮ･ｾ ﾷ＠ and. Pet•l-t.i.p.s ( 1967.) arid r.iost. 
Ｚｴｾ･｣ｾｾｴｬｹ＠ l;ry· Lewi·a :and ｓＮ｢Ｎ｡Ｎｦｾｩｲ Ｎ ﾷ＠ ( 1971) ｬＧｬｨｾﾷ＠ ｡ｴＮｴＮＺ､Ｎｮ･ｾ＠ .levels ·of. ｴｨｾ＠ ordei:'. o:f 
several pCi, tisir)o a ｾＱｩｸｴｾｬＧ･＠ of · ｭ｡ﾷｾｾｩ＠ ve · shield:i.nn and anticoipciclence· flhield-
. ing. '.l'lu,)t•e ho.ve {.l.lso .. been· i;J¢ve1."'-al lo\·1 . .lc;}vol appliC£{ti on.a ＼ｾ＠ sttch ,as that by 
Aarlu:og ｾ Ｚ ＱＱ､＠ Liln.,e.t•t ( 1997) who aimp:l:y 1.U.Hild . ·m1 unshh1lded ｾＱ･Ｈｬ＠ •. i.) detector ·to 
ｭ｣ｾﾷｴｳ｜ｕＢｏ＠ ｦｯＮｬｬｭ Ｎ ｲｴｾ＠ ｴｬＨｵｾｸ＾ｬ｣ ﾷ ｳ＠ fr()m the Chi&Hil1:1e I?UClc.uu" tests" 
'St)V0.t<a.l coun'tirt!J · ｴｯ｣ｬﾷｾＧｬＮｬｱｵｯｳ＠ (U:'o ｴｬＩｾｦｬｬｩ Ｎ ｣Ｎｴｾ｢ Ｎ ｬ･＠ to both Nal' ( 'fl) ｾｾｬ､＠
＼ｾ･ＨｬｾＺｬＩ ｾ＠ ｾｹ｡ｴｾｭｳＮ＠ The lo\t" ｬ･ｶＺｾｬ＠ qounting captl.bilities of sc:lntillnt:ox·s have 
ﾷ ｢ｾｭｾ＠ ｜ｾ･ｩＮｾＮ＠ inv_es,·tigated ｾｮ､＠ ､ｾｳｯｲｩ｢Ｎｾ､＠ Ｈ｜ｾ｡ｴｴＮ＠ · amf namsden :L96L.t: and Shaf;roth 
1967) Ｍ ｾ Ｎ＠ · ｳｾｮｩＱｴ｡ｧ＠ ( i9G'7) and Nielserl· ｴＭｴｬｾ､＠ Perltins ( 1967) have ﾷ ･ｾｴ｡｢ｬｩｳｨ･､Ｎ＠ ve!"y 
lo't level ｓｩｩｾ｣ Ｎ ｴｲｯｭ･ｴ･ｲｳ ﾷ＠ measuring pi'co·curie . activities. HO\.,ever, the 
Ｑ｡ｹｾｴ･ｭ｡ｴｩ｣＠ .. optimisation G.e (Li) level .. counting .ha.s of detectors for · low not 
bee11 Ｇ ､･ｳ ﾷ ｯｾｩ｢･､＠ to da.te. such rul evaluati.on has been performed in this 
. . 
｣ｨｾｰｾ･ｲﾷ＠ by ｾｳ･＠ of . t ·he :following: Cl"i ｴｾｲｩｯｮ＠ .. · If the ｩＧｮｴｲｯｾｵ｣ｴｩｯｮ＠ of' · a . par-
ｴＺｬｾｵｬ｡ｲ＠ coui:lting -technique (:( oe. coinc'idence ｩｮｳｴｾ｡､＠ ｾｦ＠ singles ｣ｯｵｮｾｩｴｬｑＩ＠ · is 
to ·be Ｎ ｦ［｜ＨＧｾ Ｎ ｶ｡ｮｴ｡ｧ･ｯｵｳＬ＠ ｴｨ･ｮＮ｡ｰＬＮ Ｎ ｾｭｰｬＢｏｖＨｾ､＠ sensitivity must be observed :f<.>r ·· the 
same C rind T · i'or that ｬ［ｬｯｵｲ｣･ｾ＠ · In many. cases, this is determined by ｾｰｰｬｩ＠ ... . 
cation ot' ･Ｙｵｾ｜ｴｩｯｮ＠ 6.5. 
ini t:lal ｣ｾｯｮｩＧｩｑＮｕｬＢｦｩｴｩｯｮＮ＠
AE ｩｾ＠ ｣ｴ､＼Ｎｾｵｬｲｩｴ･､＠ :for tbe ｇｾ＠ (t.i) de ｴ･｣ｴｯｾ＠ .. in the 
Am 'ia ﾷ ｴｨ･ｾｾ＠ ｲ･｣ｾ｡ｬｾｵｬ｡ｴｲＺ［､＠ for the ｩｮｾ＠ . roduc:tio.n o:f 
muet be :at least uni tr and ili p_ractice _cons.i.del .. ably gr<ilf\"ter t<? account fPr 
ｴｨｾ＠ additional · ･ｸｰ･ｮｳｾ＠ Ｎ ｩｮ｣ｵｲｾ･､ｯ＠ The advantage gained· PY usir19 nel'f ｾｱｵｩｰＭ
anent should ｢ｾ＠ ﾷ ｳｵｬ＿Ｎ｟ｳｴ｡ｮｴｩｾｩｬＧｹ＠ ｢ｾｴｴ･ｲ＠ than that gained simply 9 say 7 by ｾ＠
increai;ie of ccn.tllt.· time ·with. the i1,1i tial technique. 
7.2 The Use ·or. Massi.ve ＦｨｩｾｾｩＬｰ｡＠ ｴＮｾ＠ GeJ .. ｾｾｊＮＮＮＺＮｾｾＮＮｩｾ＠ · 
The· use o:r· high z nuiterials to shiold ､･ｴ･｣ｴｯｲ Ｎ ｾ＠ from nat'4ral an4 
. . . . ' 
c;osnd.c· ＮｴＢ｡､ｩｾ｜Ｎｴｩｯｮ＠ i-s the ｭｯｾ ﾷ ｴ＠ C.ommon ［ｾｮ､＠ ｾ･｡､Ｚｴｬｹ＠ applicable teclmique(J 
li ｴｴｬ･ Ｎﾷ ｾ･ｴｾｩｩ･ ﾷ ｣ｴ＠ information ;is ｡ｶ｡ｩＱＴ｢ｬ Ｎ ｾ＠ on- shieldi1'1g of Ge.(Li) detectors and· 
henc.e expe r.:i. me.ntal · wor.lt \'laS Ｇｕｘｬ､･ｲｴ Ｎ ｦ｜ｬｻ＼Ｎｾｮ＠ ｾ ﾷ＠
.-
:.: -· 
·-. .. 
Ｑ］ＺｾＮｾ＠
ｾＺｾｾ ｾ＠ ｾ Ｎ＠
. Fig .. 7o ·1a 
ＺｾｾｾＭ
.. Shield . ａｲｲｾｧ･ｭ･Ｎｮｴ＠ £or the 0 .. 6 cm3 and 2(} ｣ｾ＠ Detectors ｾｾ ｾ ＺＺ［ Ｎ ＺＮ＠
ｾｾｾＺＭＭ
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ln · ｰｲｩｮ｣ｾｰｬ･＠ 1 th<;1 shi.eldino studj,(')a und<i'.i'tnken with other t.YJH:lS 
of <i.etect.or-s should be. ｴ｜ｰｰｬｩ｣ＴＺｾ｢ｬ･＠ to ｲＺ［［ｾｭｩ｣ｯｮ､ｵ｣ｴｯｲ＠ dete(.-:.tora o For ｭ･｡Ｎｳ｜ｾｬ＠ .. o .... 
ments in. ' Ｇｴｬｾｾｳ＠ laporntory lead has :formed tlie basis of shield construct;tono 
prol;>lem. 
The unavoidable use ｯｾ＠ a ｣ｲｾｯｳｴ｡ｴ＠ provid.e.s an inherent ｾｨＺｩＮ･ｬ､ｩｮｧ＠
. '£.his ｾﾷｮｴ｡ｩｬｳ＠ e:i. ther ｣ｯｭｰｬｾｴ･＠ ･ｮｾｬＺｯ｡｜ｮ＠ .. e of ｴｬｾ･＠ assemb;ty or the 
. . . . . 
ｵｾ･＠ of a · Cl"yostat with a iong cold ｦｩｮｧｾｲ＠ 'to inse)."t into a ｾｯ｜ﾷｲ＠ background 
･Ｚｮ｣ｾｯｳ｜ｾｲ･Ｎ＠ Either method might result ·b1 ､･ｧｲ｡､ｾ､＠ ｢｡｣ｬ＼ｧｾＢｯｵｮ､＠ levels due 
i . i . · l10 . ·to act. ve mater .. ala ip. the cryostat 11 especially K in "the de\·tar insulation 
('.Ridley 1967) C)r penetration .. o£ radiation ｩｮｾｯ＠ au ｩｮｾＺＺｑｊｮｰｬ･ｴ･ｬｹ＠ ahieJ.ded 
･ｮ｣ｬｯｳｵｲｾＮ＠ 0£ the two . techniques; ｴｨｦＺ ｾ＠ Ｎｬｵ ﾷ ｴｴｾｲ＠ ·is pre:ferl"ed ·duo to the 
t.:;mu.t_+e.r bullt to shield ｾﾷＱ､＠ the ･ｌｾｳＺｩ＠ . er tasl'- o.f ·l :lqu:ld n;l trogen filling a . 
In \!lQdi tion, the tnE,terial cpntaininnt.tcm o.r ｴｨｾ＠ pm.-t of the ｡ｹｾＩｴ･ｭ＠ 'd.th;.n 
the ･ｮ｣ｾｯｳｵｲ･＠ ｩｾ＠ ｭｯＮｴＧ＼ｩｾ＠ eas:i.ly 'Contl"olled by sui ｩｾｬｾ｢ｬＮ･Ｎ＠ selection .o£ tu..cu:lu*'n.ctur .... 
' ing materials • . 
7. 2. 2 E?FRerip1,!311tal ｈ･､ｵ｣ｾｩ＠ ons · ｏ｢ｴﾣＡＡＮＱｊｾ］ｾｾｩ＠ ｴｾｾ｡､＠ J......2£..§e ( ｌｾＱ､＠
Nai(Tl) Detectors 
• • 1\0 • b( -:r=:=' 
U.eproP,ucibili ty of b.acltground ;Levels fi\lld reductions betueen 
ｬ｡｢ｯｾ｡ｴｯｲｩ･ｳ＠ ·are frequently impractical so Ｎ ﾷｾｨ｡ｴ＠ for this experiment, the 
::Jt)ectra: C?btained ,.,itb Ge(Li.) ､ｾｴ･｣ｴｯｲｳ＠ have ｢ｾ･ｮ＠ compared 'ri th those from 
a 3o 75 em ､ｩｾｬ･＠ x 2o.5 Clll ﾷ ｴｨｩｃｬｾ＠ Nai ( Tl) scintilla tor in · ｴｬｩｾ＠ same enclor:n.trec· 
Me.a::1urements have been undertalten \'d'th .three Ge (Li) detectors o:f 
0. 6' 7. '• and 2Q cm3 nomino 1 sensitive volttllleth . '!'he . same cryostat ,.,as . used 
ｾｮ＠ ｾ｡｣Ｎｨ＠ Ｎ ｣ｾｵ ［ ｈｬ＠ .. excel>t. fpr ｴｨｾ＠ ｾｾＮｉｾ＠ ｣ＺＡｾｬ｜Ｓ＠ detec."tor·, :installed :ir1 ·the· ､ｸﾷｩｲｾﾣ･･Ｎ､＠
. ｯｲｹｯｳｴｾＺｴﾷ ﾷ＠ ｳｨ｣ｾｷｮＮ＠ ｩｬｾ＠ li'ig .. ＲＮＲｾ ﾷ＠ The · Nu.':r(Tl) ﾷＮ ､Ｐｾ ﾷ ｡｣ｴＢｯｲ＠ ｜ｾｮｳ ﾷ＠ plac.ed 'i'e5 ｃｾＡｬ＠ £.rom' 
the Ga O ... i) . ､ｾｴ Ｎ ･｣ｴｃ＿ｲ＠ to ｭｩｱｩｴｾｩｳ Ｎ ･＠ ｩｮｴ＼ｾｬＢｾ｜｣ｴｩｮｯ＠ scatter. F;igo io 1a ﾷ ｓｾｬＮｏ｜ﾷｉｓ＠ the 
.experimental. arrangement a.do.pted for ｴｨｾ＠ 0 • 6 · cm3 and 20 cnt3 detectorf3 · \<lhile 
Spe.ctra were talcen: from 
eaoh detector ｡Ｚｦｾ･ｲ＠ a change in . the &hield:ing thickness D . 
Spectra l·rere to.l<el'l from each ､･ｴｻ ｾ ｣ｴｯｲ＠ as ｴｨｴＺｾ＠ ｳｨｩ･ｬ､ｩｮｾｊ＠ thickness 
li'i g I) ·7 o 2 :,:;haws the 
｢ｾ｣ｬｱｰＺ•ｯｴｭ､＠ spectra obtnined for the ｳｲＮＮＮｩＮｮｴｾｊＺｬ｡ｴｯｲ＠ up to 2tt5 NoVo The ｴｯｴｾ､＠
6ount rate up to. 2o5 MeV .is hioh in comparison with other ｬｾ｢ｯｲ｡ｴｯｲｩ･ｳｩ＠
belnu '-\ ｦｾ Ｚ ｬｃ＠ tor of H up on· c<nnli:s ＩＮｾ･｣ｯｮｬ＼Ｎｈ｝＠ ｾ ［ｹ＠ ｾﾷｬｩ＠ Ｎ ｬｊＮＨｾｉＧＬ＠ l\IE.\rinelli 9 Howl and 
ｉｾ＠
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Fig. 7.4 
Variation of L ·:for .the Oe6·cm3 Ge(Li) Detector and the Scintillator 
ＨＮｾｲｯｭ＠ Fig_s. 1 .• 2, 7.3} 
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ｾｷｾｲＮｴ･｡ｭ＠ o.f ｄｾｾｬｬｩＡｲｯｵｮｾ｟ｱﾣｪＮｨｯ＠ z,.t,-ca;;;Go(U) tmd ｎｴ｜ｕｊｊＮｌｾ･ｴｯｾ｡＠
fl'r JictU l..e.fl.d .. ｾＮＡｬ､ｩｮ｡Ｌ＠ · (T .... _ 10 houra) 
. · ... · ... 
,• 
eouub x 10.1 
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s.o ｡ｾｯ＠ 3.0 
Enorgy (NoV) 
Fig. -7.6 
Variation of L for ·the · 7.4 cm3. ·net.ector ana· the Scintillator 
ｏ ｾ ＺＮＮｊＺ＠
0-2.:.5 OG75-1o0 1.e75-2.0 2o 75.;_3o0 
Energy . (]t!eV) 
4",.75-5 ... 0 · 
)· .2 a5 
Ｍ ｾ ﾷ＠
c-. 
0 
Lead 
. ... ·-;:· ____ , ____ ＮＭ ｾＭ · . .-.- -·: - ·- ----:----,----,,---:----,--._,...--.,....,...,---:-----. """' ..
buted t ·o ·the ｬｯｾ｡ｴｩｯｮ＠ of the labQratory at'ld A ｮｾ｡ｲ｢ｹ＠ isoto}l·a $'t.oreo 
However, the ｯＧｗ［ＧｬＺｮＺｾｬｬ＠ ｲ･､ｵ｣ｴ ｾ ｩｯｮ＠ obt.:d.ned ｣［ｯｴｮｰｬｵｾｾｾｾ ﾷ＠ ＮｾＺｮｶｯｵｲｾＮｌ｢ｬｹ＠ t gi ｶｨＱｾＱ＠ a 
total coul'l'l; · ｲｾｴ･＠ Ｎ ｲ･､ｴｩｾｴｩｯｮ＠ f:ac;tor of ＼ｾＲ＠ ｊＺｲｯＱｾＱ ﾷ＠ )810 cpm ﾷｾｯ＠ 150 · cpm. . '1\he 
ｯｲｩｧｩｾｳ＠ · 9f ·t.he ｰ･ Ｎ ｾＭｴｳ＠ · ｡ｰｰ･ｾｲＺｩＮｮｑ＠ iil the ｴ•･＼ｬｵ｣ｴ ｾ ､＠ spectrum are· _probably due 
to contam:lnailts· in the lead uaedo 
ｈ｡ｳｵｬﾷｾｳ＠ for the Ge (Li) ｭｾｴ･｣ ﾷ ｴｯｲＤ＠
ｾＱＰＱＧＱｦｴＢＡＢｒＢｾｾｾｾｾｾｾＭＮｾＭｾ＠
The :rel$ults were 9 ns far as poasible, · ｯｬＩｴ｡ｩｮ･ｾｬ＠ in siin:ihi:t."· con .... · 
､ｾｴＺｬＨｬｬｬｓ＠ to tbe · J;5Cin;tillator. · li':lg •. ﾷ ＷｾｾＺＵ＠ r;h9WS ｴｨ＼Ｎｾ＠ bacltgl"Ot.md ｬｾ･｣ｯｲ､･､＠ for 
rf.\Klge ,,alit ｲｯ､ｕ＼Ｎｾｕ､＠ by U ｾﾷ｣｟ｵＮｾｴ Ｎ ｯｲ＠ of.' 1.1 :from ·170 cptn'l ｜ｾＮｩｴｨ＠ 110 shi.eld,· t.o 15 c.pm 
\ti th · 10 em let.\d.-
l?tu•lter ( 1969)_ ﾷ ｵｾｾｳ＠ ·counts/can3/ ｜ｬｬｾｾｴ＠ .time/unit" .enel.,gy . to specify 
a lol'i level ｾｮｶｩｲｯｮｭ･ｮｴ ﾷ Ｎ＠ ·This ｾｴ｡ｹ＠ be. used in this inf:Jtu.nce to effect a 
｣ｯｲｾｰｾｬＢｩｳｯｴＧｬ＠ between the. ·scintillator and ｴｾ･＠ ｳｾｭｾ｣ｯｮ､ｵ｣ｴｯｲ＠ by· corop_aring theil" 
Ｎ ｣Ｎｾｵｮｴ＠ ｲ｡ Ｎ ｴ･ｾ＠ ller. · cm3 of ｳ ｾ ･ｮｾｊｩ＠ tive . volume for ･ｱｵＺｦＺｾ｣ｩｴｬ･ｮｴ＠ energy range.So 
. Fig. 7 ·'* ·is .a · ﾷ ｧｾ｡ｰｨ＠ o.f: the · ｶｴｵｾｩ｡ｴｩｯｮ＠ of· the ·l .. atio L ｦｯｾ Ｎ＠ ｬｩｩｦｦ･ｲ･ｾｴ＠ energies 
ﾷｾ､ ﾷ＠ ｳｨｩ･ｬｾｩｲｭ Ｚ＠ o0 ndi ｾｩｯｮｳ＠ for 'the o •. 6 cm3 ､ｾｴ･｣ｴｯｲ＠ and -trhe scintillato1 ... , 
L =-= counts/cm?i/min/. 2.5 ｾｾｾｖ ﾷ＠ measured by -the Ge (Li) · ､･ｴ･｣ＺｴｯＱｾ＠
.where ｾﾷｯｴＮｩＧｮｾｳＯ｣ｾ［Ｚｲ［Ｍ［ＱＺｩｾＯＮ＠ ｾＮＵ＠ "NeV ［･ｾ［､｢ｹ＠ ＢＧｴｬｾｾ＠ Nal ( Tl ｦ､ｾｴ･｣ｴｃＮＺｲ＠
It · is observed tha·t ｴｨｾ＠ ｇｾ ﾷ ､ｌｩＩ＠ ·de'teoto:r. has a higher count ﾷ ｲｾｴｾ＠ per: uui t · 
. volume · than ｴ｢ｾｾ＠ ac:lntil·ltrtor f9r all ei1e1·gie$ up to ＲｾＵ＠ "MeV •. 
. The ･ｸｰ｣ｬＢｩｮｾｮＬｴ＠ Ｎ｜ｴｾ｡＠ ｲ･ｰｾ｡ｴ･､Ｎ ﾷﾷ Ｌ､ｴｨ＠ ·the 7.1J.> cm3 ｣Ｎｲｹｳｴｾｬ Ｎ＠ (FiQQ 7 .. 1b)o 
Fi91! · Ｗﾷｾ＠ ｡ｨｯ Ｎ ｜ｾｳ Ｚ ｴｨ･＠ Ｎ｢ｴＬ｣ｾｬｴｧｬｦＧｯｴ｜ｮ､＠ l".<:lcordod £O,l" 5 ·cm iet\d ｾｬＩＮｩ･ｬ､ｩ Ｎ ｮｯ＠ ｣ｯｭｾｮＮｲ･､＠
wi tb the scint:i.lll.\tor· in t.he ｳ｡ｭｾ＠ ･ｮ｣ｬｯｳｵｾﾷ･＠ and. ,.,;t t .h the· energy. range ex ... 
tendtild to 5 .o MeV. So.me · i37 C·t$ . ｣ｯｮｴ｡ｭｩｮ｡ｴｩｯｾｬ＠ .i.n. the Tend i$ ･ｶ［ｬ､･ｮｴｾ＠
. L· was plotted for thie ､･ｴ Ｍ ｾ｣ｴｯｲ＠ ·as fo:t" t ·be . Oo6· ·cm::S· det.ectot> ·an_d · is shom, . 
in Ｎ ｆｩｧｾ＠ 7tt6• .Th$' ｴｯｴ｡Ｚｾ ﾷ＠ ｢ｾ｣ｬｾｧｘＢｑｵｮ､＠ ｣ｯｾｭｴ＠ rate dropped a ' fnr;t(?r o:t; · 15 from 
Ｎ ＳｾＲ＠ cpm to 25 ｾｰｭ＠ ('.L'aple 7.1) ｾｾ＠ '1'11-ifl. detector ｡ｨｯＬｾｳ＠ smalle1" L values than 
ｴｨｑｾ･＠ £or the 0 ｾＮＶ＠ Cri13 detector and ｬｾｳｳ＠ var:i.a ｴＮｩｾｮ＠ ｾ､＠ th ･ｮｾｲｧｹ＠ for the 10 em 
shiel4. ｴｨｩ｣ｾｴｮ･ｳ Ｎ ｳＮ＠
1'he ｾ｢ｯｶｾ ﾷ＠ experiment . was also repeated ·:for the ?0 cm3' Ge(Li) 
det.ectol'" • li'i.9 e 7 e 7 Sh0\1S the b;iCkgl"OUllQ ｾｰ･｣ｴｲ｡＠ \'fi ｴｬｾ＠ the energy range 
. . 
extended :to 5.0 l\1eV ·.to ｯ｢ｳｾｲｶ･＠ h;igbar f.m.ergy baclq;tround varia:tionso · Unf'or-
tunq:·rte+y," it .\'las ﾷ ｩﾷｵＩｾ Ｎ ｰｯｳｳｩ｢ｬ･＠ to ｾｾ｣ｴ･ｮ､＠ the energy ro•·lQe for the Oo6 cna3 
·! 
i 
· j 
I 
Nai (Tl) 
(29cn•3> 
Ge(Lij 
.Oo6cm3 
* 79hcm3 
. ' ｾ＠ . 
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ｎＨｾ｢ｪＮ＠ ｾｾｾﾷ［ｾ ﾷ ｾｮ ＧｾＢ ｾ＠ ｾｾｾＺＺｾｾＭｾＺＺ［Ｍﾷｾ•ｾＬ＠ .. ﾷ Ｍ［ＺｾｾｾｾｧＺｏｬＺｾｾﾷＭ
(CpiU) (cpm) Heduct.ioll li'nctol:· 
ＮＮＮＮＮＭＮＮＭｾｾＢｾｾＢＢＧｴｷＧｴＢｾＭＮＮＮｾ＠ ..... ｾﾷＬＮＬ＠ ... .-. _ _  ..,._ ... ＮＮＮＮＮＮＮＮＬＮＬｾ＠ .. ｾ＠ .... ｾｾｾ＠
381.0 150 
1?0 15 
382 ｾ＿ＮＵ＠
?59 -53 
22 ｾｶ･ｲ＠ ＲｾｾＵ＠ tvteV 
. 20 over 5 oO NeV 
11. 
:t5 
. • . I 
detectm ... ｳｩｮ｣Ｚｾ･＠ ｲ･ｾ＠ .. ｩｵｳｴ｡ｬｬ｡ｴ［ｩＮＢｾｭ＠ of t.hi.!!l ·detector int<' Ｑ ｾ ｨ･＠ hori'zontai drip ... 
· Ｑｾ＠ was ﾷ ｾ｣ｨＺｴ･ｩｲ･､＠ lV'i th ｴｨｴｾ＠ totu.J. co.unt l-4:\t? ｣｢ｾ ﾷ ｵｬｯＮｩＮｮｻｊ＠ from 759 cpm to 5:3 cpm 
for ＮＱＺＭｨ＼Ｍｾ＠ 2 • . 5 ·'to1eV rt.\nge rind sitn:il.t\rly ｦｾｈﾷ＠ t;he 5 NeV rnngfh 
ｆｾｲｨ＠ 7.8 sho\'ls the variation of . L :for th_e 20 cm3 detector ｯｶｾｲ＠ n 
.range of ＵｾＰ＠ MeV :t'or diffe'r.ent shield ｴｨｩ｣ｬ＼ｬＧｬ･ｳｾ･ｳｯ＠ The variation in 
｣ｯｵｾｬ Ｎ ｴｳＮＯ｣ｭＧＳ＠ of se11si ti ve volume · is not . . us ｭ｡ｲｬｾ･､＠ in this case as :fQr the 
o.6 cm3 ､ｾｴ･｣ｴｯｲＮ ﾷ＠
1) Nore ･ｦｾ･ｴＧ｣ｴｩｶ･ ﾷ ｰ｡｣ｬＨｧｲｯ｜ｬｬｩ､＠ reductions ｡ｲｾ＠ obt-ained for Nai(Tl) 
than ｧ･ｲｩｴＱ｡ｾＧｬｩｵｭ＠ .for equivalent ｴｨｩ｣ｫｮ･ｾｳ･ｳ＠ of . lead ｳｨｩｾｬ､ｩｮｧ ﾷ＠
Ｈｔｾ｢ｬ･＠ 7 .1). 
2) S.orne ｰ･ｊＮｬｾ＼｡＠ ｯ｢ｾ･ｲｶｾ､＠ .bY the germaniun·l ｾＧｬ･ｲｾ＠ ｴｾｯＧｴ＠ necessarily 
observed by ｴｨｾ＠ ｎｾ､ＨｔｩＩ＠ (F:lg, 7.7 ｣ｯｭｰｦｴｲ･ｾｬ＠ with F'.i.u_., 7o2)o 
3) · Fol .. the ｴＺｬ･Ｚｴ･｣ｴｯｬｾｴＺＭｩ＠ ｾｳ･､ｾ＠ the·: ｇｾ＠ (Li) detec:rt:orkl ｧ･ｮＨｾｲ｡Ｎｬｬｹ＠ ･ｸｬｾｬ｢［ｩ＠ t 
ｭｯｩＢ Ｎ Ｈｾ ﾷ＠ ,qounts per unit ·volume thari the Nal ( 'rl) in equivalent 
｣ｯｮ､ｾ＠ t:i.ons. · 'l'he difference is de_pondant upon ･ｮ･ｲｾｊｙＬ＠ ｳｨｩ･ｬ､ｾ＠
ing Ｎ Ｑ［ｨｩ｣ｬｾｲｵ［ｾｳｳ＠ and ､･ｴ＼ｾ｣ｴｯｲ＠ ｳｩｾ･ＮＬ＠
It) .It \-lafJ found tho.t substunti.al ｩｭ Ｎ ｐｾＢｏｖＨ［ｭ･ Ｎ ｮｴＮｈ＠ in ｬＮｭ｣ｬｾｏｬｾｭＮｭ､＠ ｣ｯｵｮｴｴＮｾ＠
· ｷ･ｸﾷﾷＨｾ ﾷ＠ obto.inad whem. the ｬ･ｴＮｾ､＠ br:icl.GiJ u1.Jed had U"dr f'f\C(H:i sanded 
off \vh.ich ｲ･ｭｯｶｾ､＠ ｾｵｲｦ｡｣･＠ ｣ｯｮｴ｣ｬｭｩｮｴｭ ﾷ ｾｾｊ＠ o 
10!} -
ＱＰｾ＠ - -. 
· ..
ｃｯｵｬｬｬｴｲｾ＠
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Fig. '1...:.1. 
ｾＱＧＩＬＡＱＢｑｵｮ､＠ .. ｊｴｾ､ｵ･ｴＮＮｩｯｮ＠ Obtftinnd for the ＲＰｾｾｇ･ＨｌｩＩ＠ Oetf.lctor in tho 
ｾｾｴ｜ＱＱｾＮＱＮ＠ IJ,t)viron)ll(!nt aH the ｓ｣ｩｵｴＮｩｬｬｾ｜ｏｴＢ＠ (T = 10 hourP.I) 
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Fig. 7•8 
Variation o.f · L for the 20 cm3 ·Detector· and the Scintillator 
Energy ｐｾｮｧ･＠ {NeV) 
....:. 
C"\ 
ｾ［ＺＭ
ＱＨｽｃｾＱ＠
·.·: 
.:t65 
li'OJ;' the ＰｾＶ＠ Cll\'3 ､ｴＩｴｾ｣ﾷｾｯ ﾷ ｲＬ＠ ＨＩ｢ｓｦＮｕＺＧｖｾｾｴｩｏｬＱｴＺｬ＠ 1) and _' 2) in sec-tion . 
7o2.2"3 in:fer "an intler"ent noise aource associated lil'ith ｴｾ･＠ ､ｯｴ･｣ＱｾｯｲＹ＠ not 
:redu.c:i.ble by :?hielding., 
. . 
· considered that the use of ｧ･ｴｾｭ｡ｴｾｾｴｴｭ＠ ､･ｴ･｣ｴＨＬＩｾ［ﾷＤ＠ . demands high P.UJ."i ty materfals 
and t'hat ｴｬｾ･＠ higher ｾＺｦＺｦｩ｣ｩ･ｮ｣ｹ＠ Nal (-Tl) detect.or ｾｬｨｯｵｬ､＠ readily detect . 11ea;."'by 
｣ｯｮｾ＠ atn:l na t:i. Oll., 
ｩｩＧｯｲ ｾ＠ ｴｨｾ＠ .o.6· cm:.S detect·qr 9 · observf.ltion 3) ｩｾＱ＠ not consisten-t ''lith 
the rntio of H·V"L" (F;tg·. · 5.5) of oernu_\nium and ﾷ ｎｵｬｾ＠ ｬﾷｬｭＭｲｯｶ･ｾﾷＬ＠ for the 
20 . cnt3 detector, whoao ､ｩｭ･ｮｾｩｯｮｳ＠ Ｍ ｡ｲｾ＠ uimilAl". to tJu) Nai.(Tl) Ｔ･ｴｾｾ｣ｴｵｲ＠ ｵｳｾ､ｾ＠
. . 
thc;re it;; a · ｲｯｵｧｬｾ＠ con:;datency in f'(HJt,ltEJ \'lhon Ｈｾｯｭｰｵｬｾ･､＠ \dth ｬｩＧｩｾｨ＠ 5o.5 · 
The ·7 .A c;:m3 ､･ｴｾ｣ｴｾｲ＠ ｧ｡ｶｾ＠ ｖｻｾｲＮｩＮ｡ｴＧｩｴＮｬｮｳ＠ c,£ .t. tlutt fell between thnt 
for. the 0.6 ･ｭｾ＠ ｾ､＠ 20 cm3 d<.ltector. 'l'he ·c;txplanaticm .for thil3 may lie 
with the ｩｮ｣ｯｭｰｬ･Ｚｴｾ＠ shield surro\mding the ' detectors ali.d \'lith tbe .ma.terial 
.thicklless required to ab'sQr? ｾＮｨｩｧｨ＠ energy cosmic particlee . ·Application 
·q:( ｳｾＺｩ Ｎ ･ｩ､ｩｲｩｧ＠ \ofill remove most of the envi'ronnte?tal radiatiol'l so thn.t the . 
· · ｲ･ｭｾｩｮ､･ｲ＠ is. ｡ｳｳｾ｣ｩ｡ｴ･､＠ \·tith ·the shield ·and detector contatitina:nts and hi.gh 
energy ｰ･ｲｴ･ｴｲ｡ｴＺｩ ﾷ ｮｾ＠ pa:rti.cles . ｩｮｴｾｲ｡ｾｴｩｬ Ｚ ｬｧ＠ ､ｩｲＮ･ｾｴｬｹ＠ \'lith the detectol"' or ｾＮｮ＠
t}1e Ｍ ｾｨｾ･ｬ､Ｎ＠ A 11-igh ener{Jy parti-cle (E > 10 NeV) may Ｎ ｯｾｬｹ＠ deposit part of 
its ene.rgy in· a · detector. if insufficient se11sitive .m.aterinl is t\Vailable!) 
The res\11 tino pulse · i$ ﾷ Ｎ ｳｾｰ Ｍ ･ｲｩｲｮｰｯｴＭＭｊ･ｱ＠ on the lo,,\rer ·energy ｰｾｵﾷｴ＠ of the bttclt ... 
ground spac·t-rum giving ﾷ ﾷ ･ｾｴＺｲ｡＠ ｣ｯｵ｡ｾｴ｡＠ ut lc;n>Ter enet•o:\.el!'l ii\lld f<nfer e.t · ｨｩｧｨｾＩｘＧ＠
eneroies. . ll'or thiclter ､･ ﾷ ｴ･｣ｾｴＮｯｲｲＺｬ Ｎ＠ the .offect l\'ould be .smaller cllld occurr .... · 
ｩｾｯ＠ nt higher energies. 
of:f'ect. 
l1'rom an . ｩｬｬｖ＼ｾｓＧｴｩｧ｡ｴｩｯｮ＠ of ｴｨｾ＠ ｬ･｡ｬｾｮｧ･＠ current . ·in a Ge (Li) ､･ｴｾ｣ｴｯｲ＠
ａｲＺｮｾ｡ｮｴ ｟ ｬＢｯｵｴ Ｎ＠ ( 19.66) has · pointed out that pulses could be. generated by a. 
detector due to ﾷ ｳｵｾ､･ｮ Ｎ＠ ｭｾｮ｣Ｉｲ＠ ·surface brealtdo,ms · giving ·cha:rge pulsese The 
onse't of these pul ｾ･ｳ＠ may be · Ｇｾ･ｬ＠ ｾ＠ ｢･ｦｯｾ･＠ a qeneral voltage ｢ｲ･｡ｬｴｾｯ｜ｾＧＱＱ＠ point a 
This should ·result in pulses at .t{le lower energy end o:f :the spectrum. This 
. . . 
\Jill also be dependant ｾｬｊｏｴｩ＠ the _particular surface· ｴｲ･｡ｴｭｾｮｴ＠ and hence vary 
g.J:'e.atly ｢･ｾｷ･･ｮ＠ ､･ｴ･ｾｴｯＺｲｳＮ＠
7 • 2. 3 . · ＡｊｬＡｒｾｯｶｾｮｾ･ｮｴ｡＠ · in. tl!!t.)l_!,nimum Ｎｾｾｾｊ＿Ｎｾ｡｢ｊＺｾｾｬＮｙｩＺｓＢｌｮＮＧＡＡＮｩＮｬｬＹ＠
ｾｾｩＮＮＡｾｾｾｬｾＺｬｰＲＺ＠
ｔｨｻ Ｎ ｾ＠ use of nuu-1si ve ｴＺ＾ｨｩｃｩｬｬ､ｩｾ ﾷ ｬ Ｎ ｉＧｊ＠ nl WL\ya improvqt'l Ag ｳｩｮ･＼ｾ＠ B :i.rj reduced 
wh:i.lo ｴｨｾｾ＠ oUuilr · p(f\l-fHll{:}tti!!l"'r:J t'0\1tl;dn co;nst.uut ... 
·:16(} 
ｾＢＧＮ［ｩＺｊｬＡＭＮｬＮＮｴＹｾ＠
ｙｾｾｬＮＺＮＺＡＭｾｾｾｴＮ［ｩＮｾ Ｎ ｾｽＭＲＺｦＮＮＮＮＮＺＡＮｾＮｴＭ Ｍ Ｇｾｦ＠ Ｚ｀Ｎｽ｟ＢﾧＮｨＡｾ＠ ... t;li ｮｾｅＮＱＺ＠ . ＮＧｾｴＮＮｾＺｅ Ｑ ｌＱＮＮ｟ｾｧＮＡＮＬ＠ . ｾｈｾＮ＿＠ .... ＩｊｲＮｾ＠ Ｍ ｾ｟＼［ＮＮＬｓＬｾ Ｎ ＲｕｕｊＮＮＮ［［Ｎｾｾ＠
104 .• 
Nai('l'l) 
'Detector 
:to 1 .__. ____ ﾷＭｌＭＮＮＮＮＭｾＭＭＮＮＭＭｾＮｊ｟Ｌ＠ __ Ｌ｟Ｌ ｾ ｾ Ｍ ＭＭ ...... , .. , .ＮＮ｟ｾＭｬｾＭ Ｍ ＭＭﾷＭＢ＠ ...... -· ....... ｾ＠ ........ t __ ＮＬｾﾷ ｾ ﾷ＠
· 0,5 ·1"n ! .. ｣ｾ＠ ｾＮＺ Ｎ Ｌ ｮ＠ Ｚｾｾｾ ｟ ［＠
ｴｾｲｨＺｾｬＢｧｹ＠ (NoV) 
:1.6';' 
J!rc>m a ｬｾｮｯｷｬ･､ｧ･＠ o.f the ｢ｵ｣ｬｾｏｴＧｯｴｦｭｬ＠ ｾｾｾｖＨＮＬＺｬｾｾ＠ llN:'H-;).I.?lir€!d in ｾ ＳｇＮｾ｣ｴ＠ • 7 o 2 o. a, 
ﾷｴｨｴＮＮｾ＠ ｖｌ｜ｬｵ･ｾ Ｎ＠ ot' ｾ＠ ,.;" foi· ·thu . dt;::,t.ectors ｜ｾｴ＿ｏ､＠ · and ｴｨｾ､ＮｩＧ＠ ｯｮｾ＠ roy : ｸﾷ･［ Ｚ ｳｯｬｾｩｴｩｯｮｳ＠ i ·the 
improveaiae.qt.$ in ｾｈﾷｩｮｳｩ＠ ti vi ty l:l.mi i;:a _ may ｢ｾｊ＠ '--:t.d.cu.ta.t!i.Hl., ﾷａｲｾ＠ '·ms <::alculntecl · 
for ｶ｡ｾﾷｩＮＢ＿ｰｳ＠ energ:i.ea before f).ttd i\ftc.H' the. n})plication o:f ｳｬｈＮｾｬ､ｩｴｬｻｊｯ＠ ｆｾｴｊｾ＠
:'7o9 t:JhO\'IS the .varia-tion obtained for ｦ｜ﾷ｣ｾｯｵｮｴ＠ time:) of 10 hours and. C. ;:; Oe2 .. 
• l • • • • : 
1) A large drop j.n ｾｾｮ｣ｬｱＺｾｬＢｯｵｮ､＠ ､ｯ･ｾ＠ not result in a correspondingly 
lal"ge drop of d?'tectio.n .linii ts · ( '.rai)lG[S 7 ct 1 and 7 IJ 2.) a 
2) 'l'he ｫＧｊｨｩｬ＿ｾ､ｩｵｧ＠ ia Ｎ ｭｯｾｴ＠ effective at ｬｯ｜Ｇｬｾｵﾷ＠ ﾷ ･ｮ･ｲｾｊｩ･ｳ＠ ( ·;;,; 1.5 NeV) o 
. :?) ·rbe lower e£fic:iencies 'at ｨｩｧｨ･ｬｾ＠ ｾｮ･ｲｧｩﾷ･ｾ＠ for· ｾｭｮｬｬ･ｲ＠ detectors . 
are ｣ｾｩｾＱｰ･ｮｳ Ｎ ｴｬｾ･､＠ by . ｬｯＬｾ･ｬＢ＠ ｬＱｴ｜ｃｬｾｧｲｯｵｮ､＠ counts and sup_<::rior enet"gY 
ｲｲＭＭＬｳｯｬｵｴｩｾｐﾷ＠ · 'fhis ＱＱＱｾ｜ｙ＠ be appr·ec.i.nted by consideration o±:· 'fable 
7 .. 2 atld .jt'.].g. Ｍ ＧＷｾＹ＠ \'lhici·1 ahO\of only _ 0. 11\iC\Ximum ｲ･ｾｵ｣ｴｩｴＮｭ＠ ftlctor of 
··. four in AE at 0.5 :NeV ｢ｯｴ ｟ Ｌｾ･･ｮ＠ tho shiel4}C:;)d detectors, in sp.it.e 
o£ Ｎｬ｡ｲｯ｣ Ｎ ｾｩｦｦ･ｲ･ｮ｣･ｳ＠ in ｅｐｾ＠
ｾｮ･ｲｧｹ＠ {£pf\ 
ｒ･､ｾ｣ｩＢＮｩｯｮ＠
a:t Fac:to1.; 
Detector Resolution 137ct; in ｾｅ＠ at 
· (lteV) ＰｾＵＰ＠ ｾＱ･ｖ＠
ｎ｡ｩＨｔｬｾ＠ 93 0()'1 0 ;&;, 3o5 
ｯＮＶｾｭＺ［ ﾷ＠ 3 .00005 Ｍ ｾｾＮＺ［＠
; 
7 .LJ.:cm3 lh5 .0008 ·1 ... 7 
20.Qmi,3 17 .. 00065 ｬｾＺｴｴｏ＠
.........,.__ ..... - ｾ＠
The l"esul t.s of.' ＧｬＧｾ｢ｬＮ･＠ 6.lA- '\'tex·e obtaineq for Ｑｾｨ･＠ .7 olt cm3 ｱ･ｴ･｣ｴｯｴｾ＠
in 1:he shield ､･ｾｩ｣ｲｩ｢･､＠ in secti9n 7 ＮＲ ﾷ ｾ＠ ｾ＠ • 
. ?.2.1* ｾｬＡｬｴｳ＠ ｅｸｊＡ･｣ｾ･､＠ :f.or ｾｲｾ･ｲ＠ ｾｾ･｣ｴｯｲｳ＠
'l'he . ｾ､ｶ･ｮｴ ﾷ＠ of ｨｩｧｾＱ･ｲ＠ per£orinanco ､･ｴﾷＨｾ｣ｴｯｲｳ＠ \1i th ｾ＠ P 0 ･ｾ｣･･､ｩｮｧ＠
that .of . ,.75.cm dia x 2.5 ｣ｾ＠ ｴｨｾ｣ｫ＠ Nai(Tlj detectors allow sensitivity 
limits 'otoll belOl'l thoae de.mona'trat.ecf in [i'io .. 7 o9 to b(:) achievt:)do Consider 
A Ge(Li) detectpl" w.i .th ｾ＠ PA ｳｩｭＺｬｾｴ｜ｲ＠ t.o ｴｨ｡ﾷｬｾ＠ of i:I.1e Nnl('l'l) ｾｷ･｣ｬ＠ and l.Wl 
･ｮｾｲｧｹ＠ resolMtion of 2.0 keVo 
-
•. 
a 
• Pt 
"'>o ' 
-
16B · 
li'i ｾ＠ ... .Z!..!9. 
ｾＮｭｊ＿ＺｾｾｾｾＡＡｾｾｾｌＮﾣｾＺＮＡｅＺｅ•ｬｾＮＺＧＺ Ｎ ｾＺ･ｾｾｾＮＡＡ｟ＡＮｾＭｾｾＮＺｾｾＺＮｾｴｾ＠
., . 
' \v. _. . Ｇｾ＠ . . ----··-·-G> sol-id counter· 
. . . ｾＭ ... ·-·- . 
! . . 
. . 
ｾＱ ＨｽＭ 'l,, ﾷＭＢＧＢＧＧｾＧＮＮ｟ＮＬｮＮ｟＠ .... ＬＮＬＬ｟ＬｾＬＮＮＮＬｍｌＮｾＭｾｾＮ｟ＮＮＮＮＮＬＮＬＮＮＮＮＮ｟｟ＬＬＮＬＮＮＬＬＮＬｾｾﾷＡｯ•Ｍ••ＡｾＱＭ＾｟•｟ＮＬｾｾﾷＭ•• • • ﾷＭ Ｍﾷ • ｾ••ＮＮＮＬｾ ﾷ •ﾷﾷＧｾＢｾｫ＠ .. ＬｾＮＭﾷｾ ＭＭ ﾷﾷＭ •ｾＭＮ• ﾷＭ ＢＢ ﾷ ｷｾ•ｾｾﾷ•••ｴＭ•ｴｾ＠ • ＮＬＬＮＬＮ ＮｾＮＮＬＮ ＮＬｾＬＬＮＮｨ•＠
o.so 
of ･ｸｰｾｩ｣ｴ･､＠ Sel}Si ｾｩｶｩ＠ ty wi t.h energy ,aa.$uming the )::Jeune bac_llgromld as :f.ot"" 
the Nai (Tl) · det.ectora The ｴｬｰｾＭＬ･ｾ＠ l:inc; repx·eaetrts sensitivity limits for 
a .. conventiorial' ｇｾＨｌｩＩ＠ detectoro ｔｨｾ＠ ｬｏ｜ｦｦＺｾｬＺﾷ＠ line revrosents· sonsltivity 
limits for a coaxial 1rell ｣ｯｾｴｮｴ･ＱＢＧ ﾷ ﾷ＠ ejs:h:j.bi ti.ng . ·a ·greater ｡ｾｳｯｬｵｴ･＠ ･ｦｦｩ｣ｩｾＺｮ｣ｹ＠
thQU(Ih 9f ｡ｩｭｾ＠ lp..r ;active · volUJne o l•'q;r the ｢｡ｾｬｴｧｲｯｵｮ､＠ ｬ･ｹｾｬｳ＠ met\Sured 9 
｡｣ｲｴＺｩＮｶＺｬｴｹ Ｎ ｴｮｾ｡ｳｵｲ･ｮｩｾｮｴ ﾷ ｳ＠ of a ｦ･ＧｾＧ＠ pCi . are.poss:q;rle (1 ｰｾｩ＠ = ＲＮＬｾ ｟＠ {pm ｡ｳｳｾＮｭｴＺｪＮｮｵ＠
.1 jf. ｾｭｩ＠ ｴＮｴ ｾ ･､ ﾷ＠ per · ､ｩｾｬｾｾ･ｧｲ｡ｴｩｯｩｾＩ＠ • · ｂ･Ｋ｣ｬＬｧｲｯｾｩＬｬ､＠ recluct.ions of n. factor of 
50 - :tOp ﾷ｡ｾｬｯｵｬ､＠ ﾷ ｢ｾ＠ ｰｾｳｳｩ｢ｬ･＠ ｾｯ＠ that q1e ｴＭ｜ ﾷ ｢ｯｶｾ＠ qetectors ·in: :i.lnproved. 
･ｮｶｩｬＢｯｮｴｾｬ･ｮｴｳ＠ ｾｨｯｵｬ､＠ ｨ｡ｶｾ＠ ｩｮｾｰｲｯｶ･､ Ｎ＠ ＺＺＱｾＱＧｬｓｩｾｩｶｾｴｹ＠ 'lovels,, Cooi1et.i ·Rnncitelli 
ｮｾＱ､＠ ｾｊ･ｾｾｬｴＺｴｲｩＮｳ＠ .· ( 1:969) . hf;l.ve ｳｾ｡｣｣･･､･､＠ in deteci;lng i pci. of 1:;7 Cs .in ｬＮｴｾｏｏ＠ min 
.C()UI'lt ｴｩｾｮ＼ＭＮｲ ﾷ＠ ｷｩｩｾｨ＠ a· ｾｩｊｮｩｬ｡ｾ＠ d•!ltector to the ｾｾｬｩＨｴ Ｌ＠ one. ·c.):f;' Fig., i.10e 
At..1CUl"'f..tto lH"ediction :La difficult but ·it :is ｾｶｩ､･ｮＮｴ＠ that l :£irge 
. ( :;> 50 'cm3 j high 1"0S01 uti on. detector.s . ｣｡ｲｾＺｴﾷｵｾ＠ ly ､ｾｳ Ｎ ｩｧｮ･､＠ should be capable 
'. . . . . 
of ｡ｾ｣ｵｲ｡ｾ･ｬｹ＠ measuring several IJ?l in t;imes o:f 10 hours·. 
The.se ｾＺｾ･ｳｵｬｴｳ＠ ｾｧｲＮ･･＠ \d th those o:f;' ｐＮｨｾｬｰｳ＠ et .. al ＨＱＹＶｾＩ＠ 9 Cooper 
et. al •.. (1968), Potter ('1969) and Lewis et. al. ＨＱＹＷｾＩ＠ WhO. have ｭ･｡ｳｾＺｲ･､＠
｡Ｎ｣ｾｩｶｩ＠ ties Ｎ ｩｲｾＮ＠ ﾷ ｴｨｾ＠ ra.r1ge· 2 - liD pCi · .·of l3'l Cs fo.r small ( < 10 em;)) E!ourcesQ 
ｕｬｾｬ･｡ Ｎ ｳ＠ ｬｯｮｧｾｬ＠ .. counting ｴｩｭ･ｾ＠ can be · ｴｯｬｾｲ｡ｴ･､＠ ( >. 2000 ｭｩｮｾｴ･ｳＮＩ＠ sampl:e 
reducti911 ap.pe.ars ｴｩｮ｡ｶｯｩ､｡｢ｾｾ＠ i£. limits of .'J,e:::is than 10 pCi total activity 
·. . . ' . . . 
. :fen: · C 1.",: o. ·1 · ai"o dest'red. · 
'(·. 3. ＡＡＡ［ｾＮｊｬＮｅＮＡｌＲｾＧ ﾷ＠ ｾＡｅＮｦｾｌｾｾｾＭｾＭｾｾＩ｣｝ｊｲｾｾｾｾｾ｟ｬＮＡｷｾ＠ .... ＡｅＡ･ＮｾｾｶｩｊＡﾣｬ｟ｾｮｾｾ＠ ＡＮＡＮｙＡＭｊｾｸＮｊＺｾｭＮＺ｜ｬＡ＠
Co:tncidc;mce · ｴｯ｣ｬｮｩｩｱｵｾｈＮＺＭｊＮ＠ 1..-1re usoful ·for detenilining ｧ｡ｭｭｦＮ｜Ｍｧｾｭｭ｡＠ o;r- . 
. ｨ｡ｾ＠ been ｵｾ･､ Ｎ＠ wi.tb ｇｾ＠ (l,i) ､･ｴ｣ｾｴｯｲｳ＠ with ｳｯ Ｎ ｮｵＮＺＺｾ＠ ·sitccess ＨｬＧﾷｬｾｬｭＬ Ｎ＠ ｔｾｶ･ｮ､｡ｬ･ ＮＧ＠ ｡ｾｾ＠
ｩｾｑ｜ＧｉＧｬ･ｲ＠ :19(>.5., Ｍ ｾｾ｜ｩ｡ｮＬ＠ ｇｊＢ｡ｨｾｭＬ＠ ｎ｣ｋ･ｮｺｩｾ＠ 1966 t\tui Osterta.g, Ｎ ＡＱＱｩ･ｨｾ Ｎ Ｇ＠ _Uencl\. ｡ｮｾ＠
·siffer.·t 1968). · ·However, . the l .oss of. countioo efficiency (Shirler 1968) 
has ｾｾｳＧｴｾｩ｣ｴﾷ Ｎ ｾ､ ﾷ＠ ｴｨｾＺｩＮｲ＠ use ·t .o medium· activity. (iv Ｑｾｃｩ＠ - .50 ｾｃｩＩ＠ measuremen"tso 
This ｳ･｣ｴｾｯｮ＠ evaluates the use of the technique ·for lOlver level ｭ･｡ｳｵｲｾｭ･ｮｴｳｬＩ＠
Condi tiona for Coin-cidence Count.i.ng 
ｾＮＬＮＮＮＬＮＮＮＮ ﾷ＠ ＬＬｾ［ｯ･＠
A m:ini.mum of· two detectQrs are ｲ･ｱｵｩｴｾ･､＠ dep·endil'lg upon the number 
of co:i.nc.ident ｣ｴｩｴｩＺＺＬｈｩｬＧｩｯｮｳｾ＠ ·ex. - · t-/ 9 fi3 - { , or ·'I ... '{ mensux·ement.$ may . 
be ｵｮ､･ＮｲＧｩＺｾｬｬｴ€ＱＱＱ＠ ＧｦＮＧｬﾣ｜Ｎｴｩｳｦｾ｣Ｎ［ｴｯＮｲｩｬｹ＠ by ,::n-\.itablc SOl<..tc't:lon · of t.he ll}.)Jll'Opriate ､･ｴ･＼ＮｾＭ
. . 
ｴ［Ｎｯｾｾ＠ and ｩｾｯｴｯｰ･ｳＮ＠ 'l'he ·snmfJ ｣ｯｵｮｴＮｩｸｾｵ＠ ｰｲｩＮｮ｣ＮｩｰｬｴＧｈｾ＠ f.ipply to o.ll ｣ｯｩｮ｣［ｩ､｣ｾｮ｣･＠
. ,.• 
. f'r.l... . . • • 
ｴ･ﾷｾ＠ l - ｣ｯｩｴｾ｣ｩ､･ｾｬ Ｎ ｣｣＠ ｲ･ｾ Ｚ ＱｯＮｬ＠ \r:i.ug t :isue o:f ·the ｮｰｰ･ＺｵｾｮＮｴｵｾｾＮＬ＠
i".l'J. ｾ＠ baclq)rot.tnd- c9unt ﾷ ｴｭ､･ｴｾ＠ the pealr. .i.n t;i.1ne . ｾｬＧ＠ i.n 
the Ｎ ｳｩｴｾｧｬ･ｳ＠ mode. :for ､ＨＱｬ Ｇ ｴＮＧ＼ｾ｣ｴｯｲ Ｎ＠ 1, 
B2 ·= . .'· ｢｡ｾｫｧｲｯ｜Ｑｮ､＠ count ｴｾｮﾢＱ･ｩ ｾ＠ ·h1e ｰ･｡ｬｾ＠ in time 'l' in 
. tbe . singles mode foJ."' :¢let ector ｾｾｾ｡＠
· · ﾷ ＧｬＧｨｾｮ＠ in 'the ｾｯ Ｎ ｩｮ｣ｩＮ､･ｮ｣･＠ mode 9 ·the· accide.ntal ｣ｯｩｮ｣ｩｾ･ｬＺｬｃｏ＠ count rate is· Be 
· ,.,_,; 
2 . B1B2 ｾ＠
.where Be : .= • ._".._ .... _ o • • ·o • • o 11 7 o 1 ｜ｦ｡ｰｳｴｲｾ＠ ( 196 
,r .· 
· 130 ｾ｡ｳｵｭｯ｡＠ :c)nly Ｎｩｾ｡ｮ､ｯｭ＠ bt\clq):t·ound . . counts an.d ｊ｜ｦｾｴＱｃ･＠ ｾｳｳｵｭ･ｳ＠ the pest c·asc ｾ＠
'If one ､｡ｾｯ｣ｴｯｲ＠ ha.a no cncn•gy Ｇ ｣ＮｬｩＮｳ｣ｬｾｩｭＮｦＮｮｮｴｾ｣＾ｬｩｴ＠ t'l<:1l1 'l!t is ext(nu:led to . 
ｬＧｦｾｰｲｾｾｾｯｮｴ＠ ··th Ｇｾ＠ tt>tnl ｃＨＩｾｭｴ＠ • · 
ｉｾ＠ ｾｐｦ｜ｾ＠ 1:.1 ｡ｾＩＺＭＭｊｯｬｵｴ･＠ · ｾ ﾷ ｵＱ Ｎ Ｑ ﾷ＠ onor.gy· ｰ･＼［ｴｬｾ＠ ef:t'icii?-ncy JXl ｾｵ･ｲｧｹ＠ E1, ﾷｾ ｦｯｲ＠ d<;Yt.ect9r 1 
ｾｬＧｬ､＠ ｾｐｴ｜ＲＬ＠ r.: . t:\bsolute ·full ｾｭ･ｲｧｹ＠ peak af,fic:i.ency for detector · 2 at energy ·E2 
of· intel"est . 
Then the efficiency in the coinc:i.·dence mode t1Sst.uiting . . no . sp4;ltial ｣ｯｲＱＧＢ･ｬ｡ｴｩｾｮ＠
i.s ｾ｣＠ o o •• o o 7 ·o2 - \fapstra ( 1966) 
ＧＺｬＧｨ＼Ｇｾ＠ ｵｳｾ＠ o! · ･ｱｵ Ｌ ｾｴｩＨＩｮｳ＠ 7·.1 and 7.2 allows. the calcuiation of the ･ＺｾＺＺｰ･｣ｴ･､＠
｣ｯｩｮ｣ｩ､ Ｎ ･ｮｾ･＠ eff:l.ciency ｾ､ Ｎ＠ bacl<ground of the t;letec.tors. Qefore ｾｨ･＠ experinient 
Hertce effective ｰｲ･､ｩ｣ｴｩｯｾ＠ is ｰｯｳｾｩ｢ｬ･ｯ＠
The detector <!onfigurnti·on ｡､ｯｰｴｾ､＠ ｾ･ｰ･Ｎｮ｣ｾｳ＠ upon the f\ngular co;r .... 
Due to · the Jol.,et·ed countino ef.1;iciency 
ＨＨｾｱｵ｡ｴＺｴｯｮ＠ 7 .. 2.) ｴｨｾ＠ ｧｲｯｮｴｾｳｴ ﾷ＠ ｰｯＺＺＮＱｾＮｩ＠ ble uttention ｳｾ ﾷ ｷｵｩ､＠ be paid . to. optimist\t'ion 
. . 
.of tho ｾｵｾｾｵ Ｔ ｣｣＠ ... dQtector geom«:,try yet w.i ｴｾ ﾷ ｬＨＩｴＬｬｴ＠ ﾷ ｩｮ｣ｵｬＢＺｲ Ｎ ｾｴｾｧ＠ mul t:tpJ.e · ｳ｣ｮｴｴ･Ｚｲｾ＠
｢ｾＧｴｷ･･ｮ＠ detectors (Gie$ler, ｎ｣ｈ｡ｾＮｴＢｌＤＬ＠ ｜ｶ｡ｮｬｾＺｴＢ＠ and I<elly· 19'"/'1)" 
7·3•2 Criteria · for t)le Use of CoincJdence ｃｯｾｾＡｮｾ＠
·As stated, the Ｎ ｾｮｴｲｯ､ｵ｣ｴｩｯｴｬ＠ of · a new <.-;ount:tng ·technique must . 
: ｲｬｾｓｵｬ＠ t in an ｩｭｰｲｾｶ･ｭ･ｮｴ＠ in AE for the same c.ount time and · statistical 
ｰｲ･｣ｩｾＮｩＺｯｮＮ＠ }rol"' coiucidence ｾｯｵｲｩｴｩｮｧ＠ th:is C:t"'i ｴｾｲｩｯｮ＠ is easily ､･ｴ･ｲｭｩｮ･､ｾ＠
I;f A1 · l .. epresents the min:tumm acceptable activity of n particular 
ｾｳｯｴｯｰ･＠ :for detector .1) in the ｳｩｮｧｬｴｾｳ＠ mode then :from equation 6(15 ｾ＠
· 1 · I · 1. ( . '1. 1 · · )va )'''L A,-=::· c.:c=r\ 2 ｾＮ＠ + czb + cr:,, :+ . 7:c . g B, + ｾ＠ ｾ＠ .... ｾ＠ ·c Pf:l\ . . . . . .· oooooo•o 7o3 
c:.md similarly for dett:1ctor 2). 
.... ·: ｾ＠ . . . . -· .. . ... -· -··-:-- -:-. ;:-:-, .. :-:-.. :------..,-:-: ..-: .. ＭＭＭＮＭＭｾＭｾＭＭＭＭＭＬ ＮＬ Ｍ Ｎ＠ ---.., 
. :17 :L 
ＮｴｾｨｅＭｮｾ＠ ､･ｴ Ｎ ｾＹ ＺＺＺ ｨ＾ｾｾ ﾷ＠ l) a11d .2) ｾＺｲｾ Ｎ＠ ｴｾｳｾ､＠ ﾷｩｾ＠ ｣ＹｩｳｬＭ｣､､･ｮ｣ｾ＠ ｴｨ･ｾＱ＠ the 
ＱＱＱＺｩＮｲｾＺｬｭｴｩｾｮ ｟Ｇ＠ ｾｃｃﾮｊＧｴｾｾｬＮ｡ Ｎ＠ ｡｣ﾷｾｩ＠ vi.ty· ｾｬＧｬ＠ 'the .. ｾＱｯｩｬＱ｣ｩ､ｾｮ｣Ｖ＠ ﾷ Ｎ ｬｲｴｯｴＧＮｾｾ＠ .is Ac . ｬｴｨ＼Ｚｾｾｾｾ Ｎ＠
' ·. . ·• . . ' ' . ' . ' . . . . ' . tt, . ''a. 
: ll . . ;_ · .·1 ·. · Ｈ ﾷ ｩｴﾷｬﾷＧｊｬｩｾＧｬＮ ﾷ ﾷＢＭﾷ＠ i Ｋｌｾ ﾷ＠ ｾ＠ ｩ Ｎ ＨｴｦＬｬｾＬ ﾷ Ｇｊｬ＠ . ＮＬ｟ｔ ﾷ Ｌｾｾ［ ﾷ ｴ Ｎ ｴＬ､ＡＺ＠ ·.1·• ﾷ Ｑ ﾷ ＩｾＩ ﾷ＠ ﾷ ｯｯ ﾷ ｯｾ ﾷ ｴＷｾＯ Ｎ ﾷ Ｚｫ＠
. . r-l.c ｾ ｾ＠ .. ｾｾｾﾷＨＮ［ｯ＿ＮｃＧｔ＠ ｾﾷ Ｍ .. . ｾ＠ .. <tea ｶＭ］｜ｾ＠ ; 2¢ ｾｾ＠ Ｚﾷ ｾ＠ '1 ｾＬＮＮＮＬ＠ · ｣ｾ＠ · 
by. ｾｵ｢ｴｩＭｴｩｴｵｴｩｯｮ＠ 'of 7.s 1 im.d . 
. . ·. : ' . i. 
. Ｇ＿Ｎｾ ﾷ ｾ＠ intt.'> 6 ｾＭＵ＠ ｗｨ･ＱＺ ﾷＮ ｾ＠ ct"..,. is ｴｬｾ･＠
: ｰ･ｾｬｴ＠ ｭ･ＮＺｵｾｴｾｲ･ｭ･ｮＺｴ＠ V'-ar:lance 
1.uider · po.i'ncidence co11clit.ions6 
a aipgle ｰ｡ｲＺｦａｭ･Ｑｾ ﾷ ･ｲＮﾷ＠ analyser ＺｬｩＮｾ＠ ｵｳ｣ｾ､＠ ·then 'the . coinciclerlce spectruni from one · 
detect()X' is ｯ｢ｾＨｾｉＧｖ･､＠ USing pulses received from the C!'theJ;' ､･ｴｾ｣ｴｯｲ＠ system 
ｧ｡ＮｴＨｾ､ Ｎ＠ 9n to ｴｨｾ＠ .:relevAnt· ·ful;l ･ｮｾｾﾷｧｹ＠ pa·nk.. . ｾｱｵ｡ｴｩｯｮ＠ 7 t>,l.J: .is: ﾷ ｭｯ､ｩｾｩ･｣ｬ＠ when 
a ｾ Ｍ ｡ｾｬｾＡｊｬＧｏ｜ＮｕＱＮ､＠ ｃｾｬｊＺｴｸ•ｩｬＭｮｾｴＺｬｯｮ＠ ｱｾｮｴ｡ｩＧｾＱｩｩＱｧ＠ C<>incidel'lt <itVelltS is ｐｬＢｏｾ･ｮｴ＠ tJ 
ｃｯｩｮ｣ﾷｩｾ･ｮｾ･＠ ｣ｯｵｮｴｩｾｧ＠ is advan·tngeO\lS if' 
. lUld/OJ" 
In Ｎ ｰｲｾｾｴ ﾷ ｩｾ･Ｇ＠ ·ti·ds rati.o t;'il)ould be substantially ｧｾ･｡ｴｾｲ＠ than 1 to - jt:tstify 
: the 11of. · ｩｮ･Ｈｭｾｩ､･ｲｾ｢ｬ･＠ .co·st of coincidence · ･ｱｵｩｰｾ･ｮｴ｣ｩ＠ This is partly: 
. ､ｾｰ･ｮ､Ｎｾｮｴ＠ ｵｰｾｮ＠ ·the' ｩｭｰｯｲｴ｡ｮｾ･＠ of th.e ｳ Ｎ ｡ｭ Ｌ ｰｬｾ ﾷ＠ under 'test. 
. . 
'7•3·3 ＡＮｾＡＮ［ｌｴｩｶＮｾＭｴﾥＭＭｍＮＡＡＡＡＡ｡＠ .wit .. ｾｾＭＧ＠ c .. ｾｾｾ＠ .. 
1.£' the isotope he1.ng ｲｮ･｡ｳｵｾ･､＠ is the ｭｾｬｹ＠ o<. ･ｭｩｴｴ･ｲｾ＠ "then the · 
.. 
e .ffecti ve ｢｡｣ｾｬｱｊｲｯｵｮ､＠ count may be of the order of 1 count per ·hour o Hence 
to ｾ＠ • . good ｾｰｰｲｾｸｩｭｮｴＮｩＺｯｮＬ＠ this cont:ributi.orl itiay be ignored resulting in a 
m.iP.imum ｮ｣｣･ｰｴｵｾｬ･＠ activity of · A. where 
. 1 . ｾｾ＠ rv ｾｾ｣ Ｔ ｔ＠
. . 
., ., •••• · 7 .. 6 ｦＮｾｯｮｩ＠ ･ｱｕｾｬｴｩｯｮ＠ 6 .• 5 
ｴｾｉ｢･ｲ･＠ Ｈｾ＠ :; ubsolute full energy 
peak e.fficiellCY of the 
c< cletector I) 
·Using a ｧ･ｲｭｐＮｮｾｵｭ＠ ､ｾｴ･｣ｴｯｩＢＧ＠ P iu' coinc:i.den.ce \d th the 0<. ､･Ｍｴ･｣ｴｯｲｾ＠ the 
· cr:i terion of equation 7 o 5 becomes 
c<. ﾷｾ＠ 1( ｣ｯｩｮ｣ｩ､･ｾＢｬ｣･＠ ｭ･｡ｳｵｲ･ｭ･ｮＭｴｾ＠ ｨ｡ｶｾ＠ ｢ｾ･ｮ＠ ｵｮ､･ｬＢＧｴｦ［Ｚｬｬｴ･ｾＭＮ ﾷ＠ 'tirith· sol:f.d 
ＮｴＺｊｴｦ｜ｾ･＠ detectors. ·to ｩｭｰｲｯｾ･ Ｎ＠ the cpuntiD:Q capal-.:i.li ｴｩｾｳ＠ ＮｾｲＧ＠ the ｾｰ ﾷ ･｣ｴｲｯｭｾｴ･ｲｴ＠ in 
llur:ticl.llal." ｢ｾ＠ ＱＺＱｯＱｾｯ､･ｴＺｲｊｾｹＬ＠ ﾷｍｾ Ｎ ｲ＼ＮｾｩｮｧｾｲＬ＠ ａｲｭ｢ｲｴｬｾＮｲｴ･ｲ＠ ('1966) 9 · ｎ･ＺｊＬｳｾｮ ﾷ＠ ｡ｾ､＠ ｚｹｳｫｯＱｾｾｫｩ＠
. ( 1966) ｾｩＱ､＠ ｊＭｾ｡ｬｯｶｩ｣ Ｗ＠ ａｪ､ｾ｣ｩ｣Ｌ Ｎ＠ ｐｾＮ､Ｚ＠ ｾｕｾ､＠ Petrovic ·(1966)·4 1\s ｾ＠ ·qemonstr(xtion of" 
. . . .• . . . ,., . 
· the t .ochnique the sJnall Ge ( J,.,i ).' ､ｾｴ･｣ Ｎ ｴｯｊ［＠ (0. 6·. 'em·' active ·volume) viCis ｵｾ･､＠ . in 
o o I • ｾ＠ 0 ' 
t)'le ｣ｯｬｬｾｩｧｵＺＮｲ｡ｴｾｯｾ＠ ﾷ＼ＱｾﾷＤ ﾷ ｣ｲｩ｢ｾ､ Ｎ＠ ｩｊｃｾ＠ ·s.e«;:t':i.<:m ＳＮＲｾﾷｮ ﾷﾷ Ｑｾｯ＠ ｾ･｡｡｜ｵＢ･＠ .. 2 '*1Am ·\Jy Y ﾷ ｣ Ｎ ｯｵｾｬｴｩｮｧﾷ＠
. . . . . . . 
and by ｾ＠ "" . '{ ｣ｯＧｩｾｬ｣ｩ､｡ｲｩ｣･＠ .·cm,lnt:f.J.lg·. . li'or the 60 ｾ｣ｾｖ＠ · ｑｍｬｬｬｬｾ Ｎ＠ rays ｾ ｡ｮ､＠ C set 
ＱｾＰ ﾷ＠ 0.2 ·(ind 'i' = 10. ·ho\U:'S .the ｡ｮｾｮＺｩＮｭｵｭ＠ ｡｣ｃｾＩｲｲｴｮ｢ｬｑ＠ n:cti vi ty ｬｾ｡｡ ｟＠ 8;}0. pCi in. the 
Co:lncidt»:n'ce ｣ｯｴｭｴＺｪＬｬｬｾＱ＠ ｷｾ｡＠ · t.hen 
.. 
pt;sr:f'ormed by tbe .o.ddi tion ot:. 1:\ Ｍ ｳ［ｦＮｬＺｬ｣ｯｾｬ＠ ･ｵｲＺｴＮＧｩｩ｣ｴｾ＠ t.>nrrie1" d0.tec'l:or fQr \'lh:lcb 
. ' ' . . ' . 
ｾｾ ﾷﾷ＠ ｾ ﾷ Ｎ＠ o·.J). oE PJ.\ fol'" .the 0.6 c:nn3 detectol" Ｇｾ｡ｳ＠ OeO'l at 60 ｬｾ･ｖ＠ ｧｩｶｩｮｧ Ｎ ｾ｣Ｂ＠ :::o00,3 .• : 
li'c..'l"·. the. ｳ｡ｭｾ＠ C and '!', . Ac · was :found to be 15 ·pci', giving an improvement 
Ｎｦ｡ｾｴｯｾ＠ Ｈ･ｱｴｩ｡ｴ ﾷ ｩｾｮ＠ 7. 7f of '55. 
. ·. . . . 
ｾｨ･＠ high ｣ｯｵｾｴｩＮｮｧ＠ efficiency o:f ·the surface ba:t:·rier . detectol" f.'or ｾ＠
ｰｾｲｴＺｬ｣ｬ･Ｄ＠ .. reaui'ts in this being an': ef:t'ecti ve . l .0\'1 lt)Vel ｴｾ｣ｨＱＱｩｱｵ･＠ :fOl" Ge (Li) 
. . . . . . 
､ｾｴＮ･｣ｴｯｲ｡＠ • .I£ ｴｨｾ＠ silicon ､･ｴ･ｾｴｯＱｾ＠ a.l<?ile .,1ere ｾｳ･､＠ to detect the D<. par"" 
ticl.es then, in the ｾ｢ｯｶ･＠ ｯｯｮ｣ｬｩｴ Ｎ ＺｬｯｮｾＬ＠ ｾＱＡＱＱＮ［＠ 1"\J ·aa.i5 pCi \thich if1 much lo,-;er ·-' 
than· A1 o:r Ac. (nss\uning adequt\te source ｰｲ･ｰｾｲ｡ｾＺｬｯｲｴＩＮ＠ · The cri teripn of 
C<ll:lt\t:l.on 7. 7 ｷｯｴｾｬ､＠ indi.ca.t.e tlltl.t · fol" . this. ｰ｡ｲｴｩ｣ｵｬｾｬＮｲ＠ ｭﾫＺＱｵｾｾ｜ｴｲｾｮｾｴｾｴＬ＠ tt\e silicon . 
c,\etec.tol" . is ｴｨＨｾ＠ t)Qat oho:f.ce, unleliH-, ｴｨ＼ｾ＠ 1?(, - . 'I ｴｾＭＭ｡ｭＮ［ｩ＠ ｾｩｾｵｩ＠ ｯｬｾ＠ 't( ･ｮｾｲｇｴｙＮ＠ ｜ｾＮｴＢＧ･＠
. ' 
ot'· pna .. tl.culr.u:· . intet"est• These rc:,mults ｉｕＢ＼ｾ＠ · degt•tuled i:f ｾ｜Ｈｩ､ｩｴｩｯｮ｡ｬ＠ ｰ｡ＮｲｴＭｩ｣ｾ｟･＠
b¥LCl(gi·cn.lnds .are · ｐｊＮＢｾｳ･ｮｴ＠ al thouQh the high "(; ･ＺｦＧｦｩ＼ＮｾＮｩ Ｎ ｾｾｵｾｹ＠ sho\lld ati 11 reaul t · 
· ;hi ·· tl ｡ｵｾ Ｎ ｳﾷｴ｡ｮｴｩ｡ＮｬＮ Ｎ＠ ｾｭｰｾｾｶ･ｭｅｵｾｴ Ｎ Ｎ＠ . 
p - '( ･ｩｮＮｩｩ［Ｎｴ･ｾＬｳ ﾷ＠ are .very ｣ｾｾｵｭｯｮ＠ ｲｾ､ｩｯｾＱｵ｣ｬｩ Ｎ ､ｾｳＮ＠ Lo,., le:vel ·spec- '· 
. . 
tron¥!t%"y wi.th ·,a ... - ·'( ｣ｯｩｮ｣ｩ､ｾｮｴ＠ measurement.ei has ｢･･ｾ＠ ﾷﾷ ｵｮ､･ｲｴｾ･ｮＬ＠ by i 
Eilglert ｬＡｾｶ･ｲｾｩｾｧ ｟ Ｌ＠ .· E.t:l.kins ·and Hatch ( 1966) ·and ｈｾ､ｑｬ＠ .( 1968) ｾｳｩｮｧ＠ scintil-lai;ors .. l 
The ｣ｲｩｴ･ｲｾｯｮ＠ for· its advantage ｾＮｳ＠ similar ·to ｴｨ ﾷ ｾｾｴ ﾷ＠ of· sec.tion 7•3e3.o .. 
. . . . . . 
Uchrever 
ﾷｴｨｾ＠ ｮ｡ｴｵｲｦＮｬｾ＠ background of fo: _pax·ticles is n1ucb· greater. ｾｨ｡ｮ＠ ttlat · of«.. 
particles. · 
. · ａ｡ｾｮｾｭｩｬｬｾ＠ that · ﾷｾｨ･＠ fi: · detector {of 1;\bsolute efficiency ｾｴ｡ Ｎ＠ ) ia 
used. p\ll"e.l.y .to ef.i'rac·t· coincidence countit'lg • no ｜ＩｦｬｇｬｱｰＺ•ｯｵｾ､ Ｎ＠ cuincident event£., 
. ' . ' \ 
nre· px-tulle.nt, tmd the rosul ts a.ra tnens\lred, _from the G.e ( Li )· ｡ｰｵ｣ｴｾﾷｵｭＬ＠ · ｴｨＨｾ＠
ｭｾｴｬｩｭｵｭ＠ £\ccept.a.ble · acti v:l ty elf ｴｨｾｾ＠ Ge (J.,.i) ､ｅｴｴｴｩｬｃｴｻｾｸｾ＠ ｨｾ＠ ｴｬｾｴＧ＠ ｾｾｯｩｮ｣Ｚｴ､･Ｎｲｩ｣･＠ mode 
ｩｲｾ＠ Aq p ｾｖＧｨ｣ＺｾＺｲ･＠
?.,· 
"'ild \!There ｾ［ｾＢＧＧ＠ ＺｩＭＮＱＮｾＧ＠ the ｭ･｡ｳｴｾｲｬｬＺＩｭ｡ｩｬｴ＠ Vorll'.hmce :fol" ｴｬ ﾷ ｬＨＮｾ＠ coincldent peru(;, 
. ｹＺｩＮｯｬｴｾｾｮＮｧ＠ ﾷ ｾｨ･＠ ｣ｾｪＮ＠ ｴｾｬＢ＠ :I. on o:f ＮｾＮＮＮＮＡ＠ ＧＧｾｾＧｾ＠ / Qr . Jlp · ｾｾ＠ 1 
· . ｈ｣ｾｬ＠ · · ｦｌＺＧＢｾ＠ ｾＢＢ＠ ... 
l't :ls posf.l:lble · :f.ol:> ｾ＠ ｾ＠ to O.Pllroac.:h o ｾ＠ 5 :if ｦｊＨＬ｜ＮｕＮＧ ﾷ ｾｱ＠ ｴｬｬｾｾｬｯｲｰｾｾＺｬｯｩｬ Ｎ＠ ia auinll. Ｎｔｊｾ･＠
ｲ｡ｳｵｾｴｩｮｵ Ｍ ﾷ＠ qo!ncidence ･ｦＮﾣｩ｣ｾ･ｮｯｹ＠ C.Ean i;.hon approaCh ' 0 .. 5<'f'O) A$ bacltgrourid 
Ｚｩ•･､ｵ｣ｴｩｯｾｳ＠ greater ｴｨｾｮ＠ n fa.cto:t' Ｐｾ＠ :10/.t. t\)."e . ｾＺＮｬｦＧＧｬ［Ｎ･ｮ＠ pos::;Jible '"i·th. coinc·idenca 
｣ｯｵｾｴ Ｎ ｩｮｯ＠ Ｍ ｴｬｾ･ｮＬ＠ whe:t."e applicable·, the Ｚｴｬﾷｲｴ ﾷ Ｎｲｯ､ｵ＼ｾｴ ［ ｬｯｬＱ＠ of the technlq\te generally 
ｹｾ･ｬ､｡＠ ｓ｜ｾ｢ｳｴ｡ｮｴｩ｡ｬ＠ improvements • 
. · A.asumino a ｳｵ｢ｳｴ｡ｬＧｬｴｾ｡ｊＮ＠ ｢｡｣ｾｾｧｲｯｵｮ Ｎ ､＠ l'educ-tion is achieyed, then the 
･ｸｰｾ･ｳｳｩｯｾｩ＠ ｦｾｲ＠ Ac ｾ＠ may ｢ｾ＠ appr·()Ximat<"d.y 
.. ｒＴｾ＠ '\J. ( ｾ＠ ｐｾｬ＠ ｾｰ＠ crt 
rev1r'i:tten as 
ｦＮ Ｚ ｵｩ｣ｾ＠ T ｾ＠ ·600 minutes) gives ｾｾｰ＠ ret\.chin.o eus.ily obttliuable ｶｾｬｵ･･＠ ｯｾ＠ '\J ltO 
coinc:i.dent . ･ｶ Ｎ ･ｲｲｾｳ＠ ｽｊｃＮＭｈｾ＠ ｭｩｲｾｵｴ･Ｌ＠ ｟ﾷ Ｌｾｨｩ｣ ﾷ ｨ＠ ｣ｯｴｬｬＮ＼ｾ＠ ｲ｣ｾｰｲ･ｲＭｊ･ｮＧｴ＠ ｾ｜｣ｴｩ＠ v:t tiea ｴ｜ｾ Ｎ＠ l.o,., as 
'\j· 2.0 pC.i • .. 
'\lfith ｴｬｩｾ＠ ｡ｰ ﾷ ｰｲｯｰｲｩＭ｡ ﾷ ｴｾ･＠ isotoiJes ancl source I>repa:t•at'ion, this tecbniqutr> 
abow.S promise .for 10\'1 level ·measurement ｦｯｾ＠ .. ｡ｰｰｲｯｰｲｩｾｴ･＠ sources and source 
·preparation. 
7 • 3 • 5 ｾ｜Ｚｴｩ＠ vi ty Li:l!Li t s ＬＮＬ Ｎ ｾ＠ th_ 'i ＭＺ｟［ｦ｟ｾｾｕｉｊＮＮｴｩｬｬｦｬ＠
"( ..:. '1 .. ｾ｣Ｚ＾ｵｮｴｾｮｧ＠ with Ge (Li) ､ＨＺｽｴ･｣ｴｯｲｳ ﾷ ｾ＠ ·has been used for ｭ･ｾｩ｜ｬｬｬｬ＠
act.;f.vlty ｭ･｡ｳｵｲ･ｾｴ･ｮｾｳＬ＠ .. ｏｳｴ･ｬｾｴ｡ｧＬ＠ ｎｩ･ｨｾＬ Ｎ＠ Coch:e· (1968), E\'iall ｾｴｯ＠ aio (1966), 
ｾＧ､ｾ｡Ｌ Ｍ ﾷｶｾｮｵｧｯｬ＾｡ｬ｡Ｌ＠ lvood .< 1968) ctnd Malm e·t .. al.. ( 1965) ., ,.,ri th some ｳｵ｣｣ Ｎ ･ｳｾＮＮＬ＠
ｈｯ｜Ｇｔ･ｶ･ｲｾ＠ ·.-the ｬｯｾ＠ ﾷ ｣ｯＺｾｮ｣ｩ､･ｾ｣･＠ ･ｦＺｦＺｩＮ｣ｩｾＭｮﾷｬ｣ｹ＠ ｵｳｩｬｾｻｦ＠ t'"'-) Ge (Li) detectors placea 
ﾷ ＬＮＳＰｖｾＺｴＧ｡＠ liini ｴｾＧ｜ｴｩｯｮ｡＠ on the coincidence count rat(;1? nnd coincidence meaS'Uf'er .. 
ｮｾｾｲｾｴ Ｎ ｳ＠ \lave Ｇ｢｡ｾｮ＠ per:t.'O.t."JOOd by ｾ･ＮｐＬｬ｡｣ＺｩＮｮｧ＠ one o:t' ｴｬｾ＼ＭＩ＠ ＨｾＨｾ＠ (J...i.) detector$ · ld th a 
· Nai(Tl) ｳ｣ ﾷ Ｚｬｮｾｩｬｬ｡Ｌｴｯｲ＠ (Hnmayya 1966 4;Ul.d Niebe Ｚ ･ｴｾ＠ al ｾ＠ 1966) or· a ｰｬｴＬｳｴｾ｣ Ｎ＠
sc:Lntillator (Chase 1968). 
'!'he '?l"i terion fol" the ｡､ｶｾｮｴ｡ｧ･＠ of i .... ·'{ coincidence coun-ting 
is calculated as in secti9r1 7·o3.2_o· As an illustl"e;\tion of the problem of: 
'6 ... '"/ ｣ｯｵｮｴｩｮｧ Ｎ ｾ＠ ｴ｜ｾｯ＠ Qe (L:t) ､ｾｴ･｣ｴｯＱ＠ .. s (7·o li ｾｾ［＾＠ ﾷ ｾｭｾ＠ 20 cm3. nomh1al volume) 
. . . .. 60 
'"ere ·used to ｭ･｡ｾｵｲﾷ･＠ the coinc:i.dence gaum1a :rays from Co. Table 7 .:; 
ｾ｢ｯｷｳ ﾷ＠ tne c.haracte.ristics of . the.· two detectors tm;H.VJltired in the siltg.les mode. 
ｔ｢ｾ＠ · ｯｯｩｮ｣ｩｾ･ｮｴ＠ ｱｶ･ｲＱｴ Ｎ ｾ＠ wore measured using the ex.perirnental an."angement of 
ｓＨ［Ｎｬ｣ｾｩｯｮ＠ 3.2 .• 2 ｾｩＧｴｨ＠ q reac>lv:lrig ﾷ ｴＮｾｾ＠ 'oil:" . ｾ＠ Ｑｾ＠ se.c. '1\abie ＷＮｬｾＺ＠ .shows the 
o'cpe1"'imental' and ｊＩｉＧ･､ｩＮ｣ｴｾＧｾ＠ vurit.\t.ions . of ef:t':i.t::.iQn.;;y ｦｾｵ､＠ bncltoround in tho 
. . 
·. 
coinciclenqe ｭｯﾢＱＮｾＬ＠
of ＷＰ Ｙ ＰＰｾ＠ for ｴｨｾ＠ 20 ctn3 ｣ｾﾷｹＺＭＮｲｴ｡ｬ＠ but ｨ｡ＺＺｾ＠ Ｎｴﾷ｣Ｚｾ｡ｮｬｴ･､＠ in an t:nrer.all loas ·Of 
· ef':ficiency of a. ｦｴ｜ｾｴｯｬＢＧ Ｎ＠ o:F. 16.00 o. ln ｣ｯｮｳＧｾＧｈｬｵ･ｮ･ｾ＠ 9 ·the 1il:tnirnuin ｾＭｴ｣｣･ｰｴ｡ｾｬ･＠
a.ct:ivity nv.s been degraded from lJ.O nCi. t.o Q\>98 ｊｶ｜ｃｾＧＩ Ｎ＠ a factot· of ｾＵ＠ (for 
T .;;: 100 min and· C = .Oo 1) o ﾷｾｨｩｳ＠ result could ｢＼ｾ＠ ｩｭｰｲｯｶｾ､＠ with larger 
detectol"'S. an.d/or longe1 .. count.inq ti.mes in the lower energy :r.apge. 
___ .......,...,..._ 
ｾＭ .. 
---""""':·"--' ＭＭＭﾷﾷｾＭＭｾＭｷ＠ ·•··· ,.,..._ .. ＭＭＮ｟ｾＮＮＬＢＢＧ ＢＧＢＧ｜Ｎ＠
ｂ｡｣ｬ｜Ｎｦｊｬｾｯｵｮ､＠ "' · Cc:\SO 1 ·car..;e 2 
ｄ･ｴＨｾｃｾｯＺｲ Ｎ＠ ｾＺｴＧ＠ Ｚｴｩ｣ｾｾｮ｣ｹ＠ count under AI£ ('J.'::: '.lOO min ,AE . ( 'l't.;6o0 min Hesoluti('Jn Ｎ ｉＧ･ｾｵｴ＠ C:::O., :i) ｣ｾｯ＠ .. 2) .. 
ｾＧ｜ＮＮＮ｡Ｚ ｮ＠
ｾ Ｎ ﾷ＠ 17 ·MeV 
.ooo6 1!7'3 cpm· f(j o,5 11Ci !.J.9 7 nCi ＵｾＰ＠ l<.::eV 
ｃｬｾｬＺ［Ｉ＠ : .. 7·3 ·-
1.33 MeV ' . 
: ＮＰＰＰＵｾ＠ 59'7- cpm . 2)o 1 nCi lx.B 
nCj. 
.SoO lteV 
·1.17 ｾＱ･ｖ＠
• 00090 21167 cpm . :35.9 .nCi .8o.2 nci 17.0 l<eV .. 
2o.o · cm3 
--
.. 
•J:. :-53 Nu1V 
.00076 ·. ::(509 cpm h:t.n nCi 
8 ,. 
.,;:> nCi 17e0 l,ev 
-- ·-ｾ＠ Artificially high ｷｩＱｾ＠ interf0ring ｳｯｵ•ｾ･ｾ＠
/. r-· 
. ( * ) ) ｕｾｬ･｡ｳ＠ excessive 10 to 10- count!;; ｰ＼ｾｲ＠ ｳ｣｣ｯｮｾＱ＠ interfer:i.ng ·huck .... 
rp."ound count Ｑｾｮｴ･ｳ＠ are encountered, ·ci(;}t.ectors of this efficiency are not 
suit.able for ｣ｯｩ Ｎ ｮｑｩ､･ｲｾ｣･＠ ｣＼Ｚ＾ｾｮｴｩｮｧ＠ below ｴｾ＠ Ci . ＺｾＨＬｾ＠ count times of lass than 
100 ·'min f:\nd · .50 nCi for 10 11our eount t-:i mes u l1'or larner ｢｡｣ｬ＼ｧｴｾｯｵｮ｣ｴ＠ red go 
ｵ｣ｴｩｾｮｳＬ＠ the · r:esolving ｴｩｮｾ＠ '"C · mny be ｩｭｰｲｯｶ･ｾｩ＠ by th'O orde1"'s· of magnitude 
to ·a feu nanoseconds (Pigneret., Samuel:i. nnd So.rt1zin 1966, Graham 9 NcKenzie. 
and Ewan 1966 7 and Balland, ｬＧｾＮｧｮ･ｲ･ｴＬ＠ Samt.wli iHld Sc:\rnzin 1968)" In this 
c:trcumstnnce, the random count rate may almost be nc£!1ec.ted provided that 
there are no interfering ｰ･ｈＮｫｾＱ＠ or ｳ｣｡ｴｴｾｾｲ＠ ｢･ｴ｜Ｇｬ｣ｾｵ＠ ｣ｲｹｾ＿ｴ｡ｬｳｯ＠
the sens:ltiyity lim.:i.t ａ｣ｾｾ＠ · varies as 
. . -·· Ac¥1$ 1\.J ( ｾ＠ ｾＨｬｾ＠ E Ｂｾｾ＠ C1• T) 
In this case 
0 Q · •• ｾ＠ 0, • 0 
ｾ･｡ｫＮ＠
I 
1o17 MeV 
in ?.4 .cm3 
t.33 f-'1eV 
in 20 c!n3 
1.3.3 .NeV 
in ?.4 cm3 I ｾＭＱＷ＠ twieV_ .. 
ﾷｾｮ＠ 20 c!IV . I . 
Table 7.4 
Results of the ｾ＾Ｇｬｯ＠ Detectors in -the Coincidence Hode 
.. 
E::q>er:!,rnental · Predicted Exj>erimental 
· Backgr.ow£d Background 
I 
Ef.ficiency 
·. 
0.026 cpm 0.033 cpm 0 ·-5 ..... 10-6 . ·:::> -A-
Oo0396 cpm Oo036 cpm 0.56x10 -6 
Background reduction :fact·or 
Ef:f-iciency reduction .factor 
AE degradation factor (Case 1) 
AE dagradation factor (Case 2) 
. I - . . 1 
. · Case 1. . · Case 2 J 
Predicted . i ?_,., A,.. ! 
E:fficier;cy I Ci'=1o0 min · (T=6o0 min I 
J ｃ］ｃｾｯ＠ 1) C=Oo2) · 
I I I . .r . -6 ; · J 1 i o.f::.6:x1o .0.,98 UCi 62 nCi I . ! I i I I 
I i l I 
. -·6 I 0 ｡ｾＢ｜＠ r.: i . 60 p.Ci i Oot±7x10 ., ,o. ｾ＠ ...... .- s ., f f I i 
_L --- ____ _:___: __ _j _ _-_ __ i J 
7 o4 cm3 Det. 
= 13,000 
= 1'}200 
= l::o 
= 13· 
20 em-' Det., 
ＷＰｾＰＰＰ＠
1,-600 
25 
7. 
;.l. 
.......:: 
\.11 
·- .-·-. ＭＭＭＭＭＭＭＭＺＭＺＭＭＭＭＭＭＭＭＭＭＭｾｾＭＭＭＮＭＡＢＢＧＭｾ＠
.. . 
｣｢ｯｩ｣ｾﾷ ﾷ Ｎ＠ 9f. a. ｣ｑｩｮ｣ｾ､･ｮ｟｣･＠ techn:i.que ··to ｭｾ｡ｳｴｴｲ･＠ ｾ＠ ｵ･｡ｬｾ＠ ttcti':'ityo .. This is 
pal"t·:i.cu:J.!lrly .so :for i ｾ Ｎ Ｇｉ＠ ｭ･｡ｳｴｾｲ･ｭ･ｮｴｓｽ＠ ＬＮＬＮｊｾｨ＠ ＱＺＱｾＨ＾＠ (3e (L:t.) ､･ｴ･｣ｴｾｲｳ＠ ,.,here the 
ｳ･ｮｳｩｴｩｶｩﾷｴｹ Ｎ ｭ｡ｹ ﾷ ｾｾ＠ ｾ･ｬＮｾＧｩＨＮＩｕＤｬｹ＠ ｬＺＢｾ､ｵ｣･､ｯ＠ ﾷ ｔｨ･ ﾷ ｳｩｴｵ｡ｴｾｏｬＧｬ＠ can be improved by 
usi11g a ｾ｣Ｚｩｮｴｩｾｬ｡ｴｯｲ＠ ｩｮＮｾｴ･｡､＠ · o:f one of' ｴｨｾ＠ ＼ＮＮＱｾｻｌｩＩ＠ Ｎ､･ｴ･｣ｴｯｲｾ＠ to ｾ ｩｭｰＺｴ＠ .. ove AcQ · 
O{. :_, Ｍｾ＠ and rJ "  i ｃｏｾｬＧｬｃｩ､･ｮ｣･＠ ｏｏｕｮｴＺｬｮｧｾ Ｎ＠ where. ｡ｰｊ＾ｊＺＧＨＩｰｾＺｩｾ｡ｴ･ｯ Ｎ＠ can 
ｯｦｾ･ｬＢ Ｎ＠ low sens:l ｴｩｶｾ＠ ty limi t.s due to the ｬ｡ｲｧｾ＠ background reduc·tion t'lhile 
ｭｾｩｊＮｲｴ｡Ｎｩｮｩｾｬｑ＠ reasonable V(\lue:s of (t.«. and t<. c..(3 I.i:rov-ided .st..lita.ble source 
·preparation is possible. 
ln ｓＧｊＰｾＱ･ｬＢＧｩｬ｜ｬ＠ ｾ＠ ｡ｯｪＮｮ｣ｩ､ｑｮＧ＿ｾ Ｎ＠ ﾷｴＮ･｣ｨｮｬｱｵ･ｾｲ＠ (lre uat:·H:l where thel"e is a 1 arge 
ｩｮｴｦ［［ｾｲｦＮｦＮｩｬｾ＠ ... ino aourc(f ｧｾＺｾｮ･ｲＱＮＳＮｾ･､＠ bt.\Cl{Ql'l'lUnd ＧｾｬＩ･Ｚｲ･ｾＮ｡ Ｎ＠ rm.\::lsive $hielding is used 
'when ｴｨｾＩ＠ fJOUl"CO 'totk\1 U.Q.ti Vi 'ty is ｾｩｬｩｬ｡ｬｬ＠ and na.tUl"O..l ba.cltOl'OUnd domina.t<::lS o 
Cnlcula.tipn . \'l:i. th ｾｾｵｮｴｩｯｮｾ＠ ·7. ·t ... 7.9 are ｴｾ＠ guide to the choiCE!: of ·technique.e 
7 .ii· . The Eff.ecti venesa of .. Pulse, .Sha;ee ｄｩｾ｣ｬＢｩｮＬｴ［ＡｾＮｾＮＲＮＮＮｾ＠
The Ｍｴ･｣ｾｩｱｵ･Ｌ＠ ｦｩｲｾｴ＠ introquced ｴｯ Ｎ ｳ･ｭｩ｣ｯｮｾｵ｣ｴｯｲ ﾷ ､･ｴ･｣ｴｯｲｳ＠ by 
. . 
· }.1"\lllSten . ( .196_1) ," has ｾ･ｾ ﾷ＠ lind_teq use in ::;orne laboratories. · The . technique 
ｯ［ｰ･ｾ｡ｾｾｓ＠ by ｲ･ｪ･･ｾｩｮｧ＠ SlO\'/ rise time pulses from the detector 9 l'lh:ich are 
ｧ･ｭｾｲ｡ｬｾｹ＠ ·due :t.'c:> charge Ｎ ｬｯｾｳ＠ · at1d ca'!.lse sp(:lctrurn d(;1.Ql"adationo 
·7. J*• 1 ｂ Ｎ •ｬｾｬｩＺｑｆｾＮｾＡｬＡｾｉＡＡ､ｵ｣ｴｩｰｮﾷ＠ ｐｒＺｴｊｴｾｩＮｦＡＮｃＺＮＺＮＧＡ＠
'.fhe. ｰｯｴｾｮｴｩｮｬＮ＠ rQducti?n ｯ｢ｴｾｩｬｕ｜｢ｬ･＠ i1;1 cltl p.;mdf.mt ｵｰｯｾＱ＠ the pnr·ticulat .. 
·d.etoctor . ｵｳｾｧＮＮ Ｎ＠ . Tht2 ＱＱｾｯｲ･Ｎｲ＠ the ｱｾｵＺ｜ｬｩ＠ ty o:f t ｨｾ＠ d(atector, Ｇｴｨｻｾ＠ ｯｲｾ｡ｴＮ･ｲ ﾷ＠ the 
);•eduction ･ｸｰ･｣ｴ･ｾ＠ ｾｩＧｴｨ＠ ｴｨｩｾ＠ technique., Widely vary.i.no r .esults ht:\\re been 
ｲｾＺｐｯｲｴ･､Ｎ Ｎ＠ Michaeli6 .and Schmidt . (1966) and ＧＡＧｴｵｭｮｾ＠ lrticha_elis and GouS?sieu 
( ＱＹＶＷｾ＠ optained ｾ｡｣ｬｴＹｾＹｵｮ､＠ reductions of a factor o! .three, \'lhile Abe, 
l(tniamura a.rid }1utsuro ( ｾＹＶＸ＠ ), and S\'linth, ｐｾｬｩｬｬｩｰ＠ a11d Hoi tinl' ( 1968) obtained 
ＺｴＧｾ｣ﾷｾｯｲ｡＠ 'ot improvement of o •. 2 t _o ·o.3 over an energy range 300 .... 1800 keV e 
'£hey als<? fou11d that ｴｾ･＠ reduct-i<m. \iRS significant only up to Oo 7 of the 
e1im:·gy of the ｰ･ｾｴ＠ ｬｬｾｩｮｧ＠ examined. ｓｴｲ｡ｵｳｳｾ＠ l4arsen and. Sifter ( 1966) 
. . . 
den1onstrated redu<?tion factors of . 2, inclependallt of energyo 1.'he reductions 
ｾ｣ｨｩ･ｶ･､＠ in this lab_Qratory Ｈｐ｡ｲｩ ｟ ｾｨ＠ 1969) arc energy dependant 9 being about 
0 o 2. ｦＮｾｲ＠ most' .energies., increp.sing to _h. ｾＺｴ＠ lo\tar enel"fJies ( 100 l<eV) o 
7.,4.2 Ａｨｾﾢ＠ ｓﾣＡｾｬＺｾｩｴｾｶｪｽﾷｾ＠ ｾｩＬｭｩＧｴ＠ ｉｭｾＺ｣Ｚｾｶ･ｮｾｮｴｾＮｅ＠ .. ｴｬＮｂｾｾｬ･＠
Tho ｅ［ｬｰｰｬｩ｣｡ｴｩｯｾ＠ of. l>UlBe ｳｨｯＮｰ＼ ｾ＠ discri.m·innt:ion nl\vays re:su.l t;3 in nn 
...... 
tTl 
ｩｲＮｵｰｲｯｶ｣ｈｮｦｾｰｴ＠ . in ｳ ﾷ ･ｮｳｩｴｩｶＺｩ ﾷ ｾｹ＠ ｡ｾ＠ B is l"educad ,.d i:h 110 dQgrado:tion .o'f ｴｨｾ＠ other 
paratnotet'So . ln .the ｾｰｾＩ Ｎ ｬｩ｣｡ｻ［ＺｩＮｯｮ＠ of pulse ｾｬｬｩ｡ｰ･Ｎ＠ ｣ｴｩＤ｣ｲＺｩｭｾｬｬｾ Ｎ ｴｩｾｾｭｾ＠ ｮｾ＠ ﾷ ｬｾｳ｡＠ of 
ｾｓ･｣ｴＮ＠ ion '7. hco.1 S€lttsitivi'ty ｩｭｰｲｯｶ＼ｾｮｾ･ｮ｢ｳ＠ r.1.ro calcul.nbl<." unci may .be sapn.>:•ated 
1"0\l(lh:J_y ＺｾｕＢｴＨＩ＠ t''IO ｃＨ｜ｴＮｃＺＮｴＡＩｏｬｾｩ･ｾ＿＠ I-
.1) ｾ Ｎ ＾ＮｔＮｬ＠ >> ..:-1 1.· tl · . ( 111· gl1 ' · ·1 d d . t . ) I 
-o ＬｯｾＭｮ＠ . 11s cn,se ,.1ec :\:groUlJ. con- 1 .:t.ons a c 1nnge 
. • . . ｾｃＲ＠ • ｾ ﾷ＠
:in D .·C;loniiriate·$ the other p·arameters and equat1Qn 6,. ｾＩ＠ nmy be con-
ｳｩ､･ｬＢｾｈｬ＠ f'Oughly as 
1 [?.-B. 
BE 'V ｾｲ Ｎ ｮｃｔ＠ ·.· · 0 0 (\ 0 " .. 0 tl 7 0 10 
ｃｾｮｳｩ､ｾＺｲ Ｎ ｩｮｧ＠ the maximum publili:lhed Ｑｾ･､ｵ｣ｴｩｯｮ Ｎ＠ factor· of B reducing to 
ﾷｾﾷｂ＠ .giyes an improvement 'in AE '(for same Ｈｾ ﾷ ｒ＠ , C and '1') of' ｾ＠ factor 
o:t"' .r;. 
2) 2B <::<. Ｒ ｾｾｾ＠ • In this case (low· bacl\ground conditions) a change 
ｾｮ＠ ·B ｣｡ｵｳ･ｾ ﾷ＠ only a yery ｾｭ｡ｬｬ＠ change .in ａｉｾｯ＠ · Her1ce the teclw,ique 
i$ unsuitable :for low . level nwa1-Jurements. 
7•'*·'3 '.('he ｓｊＦＬｮｬＮａＧ＿｟｡ｬｾ｛･＠ ＬＡｯｾｽｾｵｾｬＮｾｾｬＮ＠ .. ｾ＼［ｴ･｣ｴｯｬｾｦｾ＠
·: ｾｾ＠ to the l"apid ｩｭｰｾｯｶ･ｭ･ｮｴ＠ ···in detecto1" ·quality and size (in the 
. past two years) ｡ｶｾｩ＠ lab.le on ｴｨｾ＠ ｣ｯｮｵｮ･ｾ｣ｩ＠ al marlte.t, the ｾｦｦ･｣ｴｩ＠ ｶ･ｮｾｳｳ＠ ｯｾ＠
·. pulse. shape. qisorimination ｡ｾ＠ a bacltgroun:d reduction technique ' is reduced • 
. '!'he ﾷ ｰｯｴｾｮｴ＠ ial ｳ･ｮｾｩ＠ t i vi ty , ｩＮｾ＾ｲｯｶ･ｭ･ｮｴｳ＠ are ｾ＿ｭ｡ｬｬ＠ compared '"i th alternative 
·techniques. · 
ｈｯｷ･ｶｾｲＬ＠ it should also be noteq that this technique · ,i.s ·the o11ly 
one available that .,does not impede experirJtental access to · the crystalo In 
L\dqi tion 9 · the technique ｩｾｦ＠ useful for diagnostic measurements on crystals 
. and when c .ombined with. collimated rfamma ray beam ｴｾ｣ｨｮｩｱｵ･ｳ＠ ｾ＠ may be extended 
foJ."' vario\lS use·s. 
Anticoincidence shields have. met several ftpplications (Arnel1 9 
Uurdell and llasmeigren· 1966, ｃ｡ｭＱｾ＠ 1969, ·cooper tuld ｂｾｭｭ･ｬｬ＠ 1967 and 
l.e\tiC.-4 ·e1:. al. 1971.) and a.re now a l"'elt:tti vely common fE.H.tture . in the f:f.elcl 
ＧｦｨｩＱｾ＠ sect ion ｇｯｭｾｩ､･ｲＮｳ＠ their et'f.octi V'eness fCJr 
'l'hc-.1 anticoin',;lidence ｳｽｬｩ｣Ｌ＿ｾｬ､＠ serves tht1 ｾＱｕｻｬｬ＠ ｰｵｾﾷｰｯ｡･＠ :f:unction of 
ﾷｾ｢ｾ＠ ｲ･ｾｵ｣ｴｦｯｮ＠ of' ｓｏｬｾＧｃ･ Ｎ＠ ｧ･ｰ･ｬＢﾷｾｴｾｾ､＠ Compton ｃｏｾＧｬｴｩｴｬｕｕｩｬｬ＠ ｩｾｬ＠ ｴｬｾ･＠ ､･ ﾷ ｴｾ｣ｴｯｲ＠ and thC:l 
. . . . . . . 
:r.ejection of some '1a.tu1 .. al ｢｡ｾｫｧｲｑｵｮ､＠ even·ts·o · 'l'he· · source placed ｩｮｳｴｾ･＠ tho 
sliie'l .d fo:r ｯｰＮｴｾ Ｎ ｲｮｵｭ Ｎ＠ (p.ft ｲ･ｾｵｬ＠ ts in· the lo\'les·t level ｭＹ｡ｾｵｲ･ｭ･ｮｴ＠ ( ｜ｶｯｧｭ｡ｮｾ＠
1 ·' • • • • • 
Robe.rtson and Perlcins 1967 "l'l.d · r->be.lps. et o al ·· 1968) Q ＧｬＧｾＱ･＠ continuum !•educt.-
. . . . . . . 
. i .ou is a · Ｎ ｭｩ Ｎ ｸｴｵｬＮＢＧｾ＠ of Comptof{ suppreS$ion and n:atura;J. . background·· SUIJPJ."ess;i.on 
. nnd . ｦｯｾ＠ Ve.l"Y lOli l.evel measurements ( < :1.0 pCi-) is clominfl.ted almost entirely 
. by ｾｨ･＠ latter. 
ﾷ ｔｬｾｾ Ｚ＠ ott.4ar. niajc;)1· ｡ｴﾷｾｰＮ＠ ot .(appl;i.cation :·is ｴＧ Ｎ ｾｬＢ＠ llctivi·t;ie_s ">- o9s)..ci 
ＱＭｩｾ･ｲ ﾷ ･＠ the so\lrca· is . e;j(ternfd to. ·the ｾｊｴｬｩ･ｬ､＠ at1d collimated (Hnsselgren 1966, 
ltarltele, ｍｾｲｴｩｬｬ｡Ｎ＠ end ·Hattol(.\ 1967 . and Grenier a:nd Pous:i,er 1968)" · These 
·1attc·1 .. meaJ.;;·u.reme:n'b3 uaed ｭｾｩｮｊＮｹ＠ ｦｾｲ＠ the Compton ｾｵｰｰｲ･ｳｳｩｯｮ＠ mode) are Qften 
ｵｾ･､Ｎ＠ :Cor ｡｣ｴｩｶ･Ｚｾｴｩｯｮ＠ analysis and _altalysis of. spent reactor fuel elements. 
｜ｾＱｩｬ･＠ ｴｨ＼Ｎｾ＠ priric:i._ple of· Ｎｯｾ｣［ｮＢＧ｡ｴｩｯｮ＠ of the shield is simi-lal'! for both high and 
.. low · act·iv:l ty ﾷ ｭ･ｾｳｕｲ･ｬｾ･ｴｬｾ Ｎ ｴ＠ the ｲ｡ｾｵｬ＠ ts (through d.ifferent COl'ltinuum origins) 
requ:tre ｣ｬｩｦｦ･ｲｾｊ＿Ｎｴ＠ ｣ｯＱｾｳｩ､･ｲ｡ｴｩｯｮｳＮ＠
7 •5. 2 Internal ., ｓｯｾｲ｣･＠ Neasurements 
The use · of' l<Ult.icoiJlCidence shielding for l ·leaJ{ activity measurements 
rolieB ｬ｡ｾｧ･ｬｹ＠ '4:'110il the effectivenetla of the· ｳ｢ｩｾｬ､＠ :for natura.l bacltground · 
｡ｵｰｰｲＮ･ｳｳｾｯｮＮ＠ l:lhelpa ot" ｾＱ＠ · ( 1968 fl.11d Cooper et. al ( 19 68) .have ·used anti-
. . 
ooincidonce · ｮｾｴｨｯ＼Ｂｬ｡＠ ｴｾｯ［ｲＮ＠ ｷ･ｵｬｾ ﾷ＠ .activity measurement-s ｾｮ､＠ ty.p:ify the reeults :.· . ' . . . . · . .. . ' . . 
ｧ･ｬｬｃｩｬｬｾｦｬｬｬｹ＠ ｯ｢ｴｾｬｩｮ･､ Ｎ＠ f'or internul ｾｯｵｲ｣･＠ ｴｴｬ･ｾｵｾｵｲ･ｮｵｾｮｴｳＮ＠ A guneral survey has 
been. ｵｮ､ｾｵｾｴ｡ｬｾ･ｬＧｬ＠ on ｴｨｴＮＺＱｾ･＠ ｓｊｈＩＨｲｴｸＮＮ［ｰｮｩ･ｴＬ［ＺｾﾷＺＮＭＧＱ＠ by Camp ( 1969). 
1,he . ahield itself bu-s some naturnl shie.ld:lng ef;fect through the 
ｳｾ ﾷ ｾ･ｾﾷ＠ ｢ｵｾｬｴＮ＠ o:f. the · Ｌｳ｣ｩｴ｜ｴｩＮｬｬｾ｜ｴｯＱＢ＠ ·' but the mnin- effectiveness is observed by 
ｭｾ｡ｳｵｲｩｮｧ＠ ｾｨ･＠ ｢｡｣ｬ＼ｧｾﾷｯｵｮｱ＠ ｓｾ･｣ｴｲｵｭ＠ With the sJ·iieJ.d S\'li tcl)ed . Oll a,nd then off 9 
'Fhe ｭ･Ｎ｡ｳｵｲ･ｮｾ･ｮｴｾ＠ of Coopel" et. ml. (1968) ty;pi:f.y ｲｾｳｵｬｴｾ＠ ldth a 2fto thicl<: · 
NE102 plastic phosphor. ＧｬＧ［［ｾ｢ｬ･＠ 7.5 shows the calculated improvements from 
Coope.t·•s · data as a function o:t' energy for u cct1Stf.U'lt ·C1 ｾ＠ PA an<;l 'l'o \'Jhen 
the ｾｴ｡ｩｮ＠ continuum contribution is from ·t1ntural background t .hen the sensi;,. 
ti vi ty improvement is as in colunm ( 2). \·Jhen thel"'e i:a· a sign1.:fict:lnt contri-
bution ｾﾷｲｯｭ＠ Compton SCt;ltter, then a greater reduction is achieved -
columns ( 3 r u.nd ( lsJ. 
The mwdmum improvl1ment -:i.n sens:i.t:i."i.t.y i:-J roughly n ｦ｡＼ｾｴｯｲ＠ of 
'· ｯｊｾ＠ ｾ Ｎ Ｌ＠ 1 bn·nniJ. y(:} ty f.\ :rn(;tor ot· ,}. ｩｬｵｊｷｯｶ･ｭ Ｈ ｾｴ ﾷ ｬｴ＠ .i.n pr<?-c.i ::;·don ls obta;in0.d f1)r 
ｾ｜ＮｃｴｩＮｶＮＺｩＮｴｹ＠ mansw:•cments ·up to Oo5fCio 
179· . 
｢ｬ＾ｾ＾ＬＺｲｯｾｩＮｲｾ Ｚﾷ ･ ｟ Ｌ＠ I ｭｰｾｯｶ･ｭ＼［ｾｮ＠ t ｾｬ＠ .. ｾＡｦｬｾｩＮＬＡ｜ｃＺｾ､＠ ｾＴＭＭｾＡＡＲＮ＠ ｾｾＮＡ･Ｎﾣ＠
·. ＨﾣＮ＿ＹｐｾＡｾｾＭｾｬＡＮﾷ＠ ... 19,6.H) .C?f .· f.\ ＮｌｦＮＡｊ Ｎ ｾＮ＠ ｲｾｬ［［ｬｴｦｾｊｊｾｾｾｧｾ＠ ＺｾｾｾＡＮＱ＠
- - -
·' ( '1) . (2) (3) (h) 
.. 
ｒ･､ｵ｣ ﾷ ｾｩｯｮ＠ factor ｓ･ｮｾｬＮｩｴＺｾ＠ vi. ｾｙ＠ ｃｯｾｰｴｯｮ ﾷ＠ Sensitiv:tty Energy ｴｯｾ＠ . ｮ｡ｴｾｲ｡ｬ＠ improvement ｃｯｮｴｾｭＮｴｵｭ＠ Improvement (NeV) · ｬｾ･ｱｑ｣ｴＮ［ｩＮ＠ on bacltgroun.d factQl" Factor Factol" 
0.200 2.7 1o7 ... 
-
. . 
Oo.LJ.OO ?•3 1.5 1lhO 3o7 
o.6oo ·2.2 1-.5 17.5 4o1 
. Ｐｾ ｟ ＸＰＰ＠ 2 •. ｾｬ＠ i o.6 16.0 h.o 
ＱｾＰＰＰ＠ 1.U Ｇ ＱｾＳＳ＠ '. 1.fl.o 4g5 
1.200 . Ｚ ｾ＠ •. 1 ＱＮｬＮｾＺＺ［＠ 10o0 3.1 
1 •. 1-tOO 1.9 t.l.t 10o0 3"1 
1.6oo 
. . 
1.8 1.53 10.0 . 3 .. 1 
Ｇ ｴｮｴｾｲｮ｡ｬ ﾷ＠ ｾｯｵｲ｣･＠ ｭ･ｾｳｵｲ･ｩｮ･ｮｴｳ ﾷ＠ can be complicated by · the 
ｲ･ｪｾ｣ｴｩ＠ on of coinc:idence events as this results :in P.arti_al supp1;ession o:f 
co:inc':i.dence 9ntlll11li\ rays. The effective value of ｾｐｒ＠ is reduced and this 
must be taken. i.nto account \'/hen determining the contributi911, Qf th?se isotopes .. 
ｈｯｾｾ･ｶ･ｲＮｾ＠ Camp (1969) ., Cooper, Hancitelli ｡Ｑｾ､＠ Perltins (1969) and Cooper (1970) 
ｰｯｩｩｬｾ＠ -;>ut tllat this can ｢｡ｾ･＠ certain advantages . in identification of Unltno,;m 
isotopes by ｰ Ｇ ｲ･ｦｾｲＺ･ｮｴｾ｡ｬ＠ suppression o:f .d?tninating isotopes, . nnd in removal 
of ･ｳ｣｡ｰｾ＠ panks. 
V<i'J."Y <:nre:Cul op-tianif.wtion ·of anttcoil'lcidanco techniques has 
. . 
ｲｾｾｲｾｴ［Ｎｬｬ＠ ｴｾ､＠ :f.n tho ｰＮｬＮ＾ｯｶ Ｎ ｾ＠ ＬＮＬｯｲｾｴ･ｲｳ＠ obtn.i.ninu 1.0 ... Jio" pC:i ·mt1asuremants " .. ｾＱｧｵｬ｡ｲｬｹ＠
. .. 137 
atid Coope.r et, · al. ( 1969) measuring as l0\11 as t pCi of - Cs o 
'fhe use · o:f the shield ;.ti th an externally placed source is generally 
ﾷ ｲ･ｾｴｲｩ｣ Ｎ ｴ･､＠ to higher (;\Ctivity sources ·due to the lo·,.,. ｾｾ｜｜＠ inherent in this 
geometry, 'I'ha ､ｯｭｩｴＱ Ｌ ｾｾＱｴ＠ nJode of ·suppression is largely Compton suppressiono 
A rl\nua of .redtlctions lmvc been reported for ｾｩｦｦ･ｲ･ｮｴ＠ shields 
\'lhich depend upon th<.? ､･ｾｩｯｮ＠ of ·the shield, tlu;.>! size of the Ge(L"i} detector 
ｈＮ･､ｵ｣ｴｾｯｮ＠ factors have vari,ed from t _\10 
(Cooper aQd l3rm·rnall 1967) to ｳｩＺｵＺｴｾｴｾｮ＠ Ｈｋ｡ｮｴ･ Ｎ ｾ･＠ and Suomiuen .1966)., Camp 
( :t969) ht'\.S . observed thr.:rt the reduction .u.Jso depends ｲＺ［Ｚｬｧｮｾ＠ :ficantJ.y ｵｰｯｲｾ＠ the 
r'l\'l:i<.l o:f: l:ien::dtive to ｩｮｾｈ ＮＧ ｈｬＺＺ､ｴｩ｜ｲｴＺｾ＠ ｬｬｬ ｾ ｜ｴｬ Ｓｴ ﾷｊＬｳＮｴｬ＠ ir1 ﾷ ｴｨ＼ ｾ＠ G<;':(Li). detectoro 'l'hc-) 
restil ts .of ｃｑｯｰ･ｾ＠ .. . et . ., al o :\9GB tytli:fy t he ｲ･､ｴｈｾｴ ［ ｬｯｮｳ＠ obtuiuoble nnd '!'able 
7 .,5 Ｈ｣ｯｬｵｾｕｬｓ＠ (2) and· (lx)) shows ﾷﾷ ｢ｊｬﾣ ［ ｾ＠ ｽ Ｎ Ｑ ＼ ｾ ｾｾｭｬ＠ ting ｲ･｣ｬｵｾｴｩｯｮ＠ and the apprOJduu.ite 
sensj.tivi ty ｬｩｾｩ＠ t improvement deJtived from the ｴｩｳｾ＠ of the .shieldo In this 
Cf.\:.?e, . the ｩｲｮｰｩｾｏｶｾｲｮ･ｾｴｳ＠ gained ｾＺｲ･＠ not . affected by ｣ｯｩｮ｣ｩｾｾｮｴ＠ ｾ｡ｭｭ｡＠ rar emis-
Sl.OllS· ns in the ｣｡ｾ･＠ of internal source· ｭ･ｾｳｵｲ･ｭ･ｾＱｴｳ＠ ul though escape ｰ･ｾ｣ｳ＠
\rill · still .Pe suppressed., 
Ninimum·· ｡｣ｾ･ｰｴ｡｢ｬ･＠ acti V'i ties .for this ｡ｾＢｲ｡ｮｧ･ｴｵ･ｮｴ＠ a:re· in the· 
ｬｾ｡ｮｧ･ Ｎ＠ ｮｾｩ＠ t _o f Ci ｡ｮｾ＠ hence 'is not su1 table .. for_ very lo\v level ｭ･｡ｳｵｲｾｭ･ｮｴｦ＿ｯ＠
7. 5 .11 ＡＡｾＺＮＮ ｾ ｾｾＦ＠ ｾｮｾｴｊＺＬｾｸｾ＠ ｾＮＲＭｾＡｳｾｊＮＡＮＭＺ［ｮＮﾣｾＮＮＺ｟ｾｾｾＮＡＭﾧＮｾＡ｡ｅＮ＿｟ｊｾｩｾｅＺＡｊｬｬｩｮｾｩｾＮＲＮｾ＠
Ｎ Ｍ ｾｾｾｾ＠
The overall peak ｨ･ｾｱｨｾ＠ ·to .Compton ｾ､ｧ･＠ l"nti.o ·of em anticoincidence 
spectrc)tueter is the product of the peak to Compton. ratio of the detector nnd 
H.euce a 20 : 1 peal' to· Compton de t-
e .ctor .in a shield giving a 16:1. reduction .factor results· in an. overall peah: 
to cof!.tinuum ratio of 3·2qr1 •. 'l'he couibination of pulse shape dis<?rimination 
ancl ｾｮｴ Ｎ ｩ｣ｯｩｮ｣ｩ､･ｮ｣･＠ .shielding does ·not yield a similar product relationship 
(Swinth Ｎ ･ｴｾ＠ al. 1968). ｔｬＱｩｾ＠ is ､ｾ Ｎ ･＠ t .o ｴｾ･＠ fact that some of the Con1pton 
ｅｾ｣｡ｴｴ･Ｑｾ＠ events atppresE.u;d by ｴｨｾ＠ ·shield are also ｲｾｪＬｾ｣ｴ･､＠ by ｴｾＱ･＠ discrimii1ator .. 
'As the .. effe·cts of .·pulse shap.e diSC;l"iiJli.n_at:i.on are ma:t:•gina.l for good· de·tectora, 
the ｣ｯｭ｢Ｇｩｮｾｾｩｯ Ｎ ｮ＠ ｾＩｦＧ＠ techniques only ｹｩ｣ｾｬ､ｾ＠ ｭｭｾｯｩｮ｡ｬ＠ improvement over the ·use 
o:t' th9 ｡ｲｲｾｩ｣ｯｩｮ｣ｩ､･ｮ｣･＠ shield ｾｬｯｮ･Ｎ＠
Di sc\1ssi on 
ｾ＠ ..... ｾｾｾ＠
/\r1tfcoincidenco shields, thouoh · ｯ･ｮｾｲ｡ｬｬｹ＠ improving Am, \•then usod 
; for natural ｢｡｣ｬｾｧｲｯｾｮ､＠ reduction hElVe l im:i. ted ｬＢｕＱＱＹｅｾｓ＠ of improvement o 
ｩｭｰｸＭｯｶ･ｭｾｮｴ ﾷ ｳ＠ are obtainable ｷｾｴ･ｮ＠ the Compton suppresf.don mode is signi:ficrintc. 
The inq.st versatile shield .foi' !)referential -auppression of ｣ｯｾｮ｣ｩ､･ｮ｣･＠ gamma 
raya· Ｈｈｾｩｳｳ･ｬｧｲ･ｴＱ＠ 1966) is m1e \\'hich can be adnpted to both internal and 
The comb.i.ntlt'i,.,n of. massive shie.ldino · and 
at'lt:tcoinc:i.den:c(-) methods has resulted in the lowest level mensurements yet 
made '"i t:h a Ge (lA) detector tl') da·te, Cooper et. nl ( '1969), who mea:::mred 
:\3? 1 pCi o! CfJ. 
; 
.I 
:18 :l 
'!'he ｴＮＨｾｃ｢ｾ ﾷ ｽｩｱｵｾ＠ o:f ﾷｬｾｾ､ｬｾ＠ Ｎ ＱＵｰ･ＬｾｴＺＨｏｉｉｈＧＩｴｊＮＢｙ＠ U$;in,9. ｓｇｩｬｾｴＺｬｬｬ｡ｴｏｬＧｾ＠ Ｈｐｲｩｮｧｬ･ｾ Ｎ＠
ｒＹｵｬｾｯＩｴｾｵｬ＠ {l:tld Stuud;t 1, · :J-950) iq ·\'1\;:ll ･ｾ ｲ ｴＮｮ｢＠ l. ishect · iAnd.· waH· ｦｩｴｾｳｴ＠ ｴｬｃｩｦｵｵＺｭｳｴｩｾｵｴ･､＠
Itt:.\ a.p.plicati on is 
.l:lna;ited (Souminen t.Uld l<nnia?.le :1.968) . both J.n ｴｬｮｴｾＺｴﾷｾ［［ｪｹ＠ ｲ｡ｮｾＱＮ｣Ｎｾ＠ ｮＺｲｩ､ Ｎ ｩｊｾｵｳ Ｎ ｩｴｩｶｩｴｹｯ＠
Tl)e method i ·a ＼ｾｶ｡ｬｵ｡ｴ･､ Ｍ ｢ｾｬｏ｜ｴｯ＠
... 
ｾＱＴ＠ 6a1 ｾｾ＿ｊｊｾＮＲＡＮＭｴｬｾ･＠ f,_or ＬＮｴｽｾｾ｟ｊｾｾＡＺ｟＠ ＤｾＲﾣＡＡＺＮ＿Ａｾｾｾ＠
'l'he pair spectrometer is. ()f use m1ly \'lhfHl :the double . escape ·pealt. 
･ｦＺｦｩ｣ｾ･ｮ｣ｹ＠ of the ､･ｴ･｣ｾｯｲ＠ is ﾷﾷ ｳｩｧｮｩｦｩ｣ｾ｡ｩｴ＠ ( > ＱｾｾＵ＠ . MeV).- .. · The ·double escape 
peiut ﾷ ･ｦＺｦＺｬ｣ｩ･ｲｾ｣ｹ＠ ｯｾ Ｎ＠ the apect.r'ometer is i;t ［ｦｾｮｾｴｩｯｮ＠ of the detector · sensi'tive 
ｖｃ＿ｬｵｭｾ＠ atlc.l wpth, -the ｧｾｯｩｮ･ｴｲｩ｣｡ｬ＠ ef:f.:i.ciency of the two· scintil:J;ators ar1d the 
' • • ' I 0 0 ', 
pres.ence of any insa.nsi tive material o · 
crhere n:t•e two modes of ｯｰ･ｾ｡ｩＺｴｯｮ＠ fQl" a pair spectrometer 0 'fhe 
'l'his ·gives suppression 
o£· double esca:pC'il 11ealts and ｾ Ｎ ｯｭ･＠ ｣ｯｮｴＺｩＮｮｾｕｬ｜Ｑ＠ (.including ﾷ ｃｯｾｮｰｴｯｮ＠ events) · sup"" 
pre1Jsio1-i for ·no .. c.hnnge- in.(PA · for the ｣･ｮｴｬｾ｡ｬ＠ detec·toro In the ｾ･｣ｯｮ､＠ uiode 
triple· ｣ｯｩｮ｣ｩ､Ｎ･ｮ｣ｾ＠ events are ｡｣｣ｾｰｴ･､Ｎ＠ This gives an· escape. ｰ･ Ｎ ｷｾ＠ SJ_:>ectrum 
wit}) large· continuum. ｲ･､ｵ｣ｴｩｯｮｳｾ＠ : 'l'he ｭｯ､ｾ＠ ｲ･ｬｩ｣ｾ＠ on. the ·use of ｾ｣｡ｰ･＠ pealts 
for. ﾷ ｾｮｴ･ｲｬｾｾｴｹ＠ and · Ｇ ･ｮｾｲｧｹ＠ ､･ｴ･ｲｭｩｮｮＮｾｩｯｮｳ＠ of ｾｨ･＠ initia;t :\,ncident ganuna . ray. 
ｬｾ＠ ｾｓ Ｎ＠ ｰｯＤｾｾｩｬ＿ｬｾ＠ to ｣ｯｬｬＨｾｃｴ＠ everlts for both n.lodes si.mu.l taneously (by Cl ｓｾｩ＠ table· 
a]\rangeiuent t;>:f electronic modules) ｾＱｵｩＮ＠ store the ｩｮｦｯｲｭｾ｜ｴｩｯｮ＠ i11 separate 
ｨ｡ｬｶ･ Ｎ ｾ＠ of. Ｚ ｴｨｾ＠ pulse heigh:t analyserco '.l'he choice of ｰｰＴ［Ｎｾｲ｡ｴｩｴＺＱｧ＠ mode is a 
function of ｴｨｾｾ＠ ｾｮ･ｲｯｹ＠ ｯｾ Ｎ＠ ;interest, s .pectral complox.i ty and the double escape 
. peak ･ｦｦｩ｣ｩｾｮ｣ｹ Ｎ＠ ｾｦ＠ ··the Ｎ ､･ｾ･ＺｬｴＡｴｩｯｮ＠ system, 
7 •. 6. ｾ＠ ｾｾＡｬ｡ｮ Ｎ ｧ･＠ ... 2.f Ｎ ｾｯｵｮｴｩｮｾｬ＠ PW:*.!.m.,eters ｰｾｪｮｧｾｾ･ｲｾｪＮＬＲｬｬ＠
The .. obseJ,"Ved variatio11s of counting parameters ｾｲ･＠ a function .of 
the ｾｮｯ､･＠ of· ｯｸｊ･ｬｾ｡ｴｩ＼＾ｮ＠ adopted. 
7 .6.2, 1 ReJ.!?tion .No,de 
'l'his pa'rticulo.l" .mode is · COJmnonly used (Grenier and Poussier 1960) 
and can be ｳｩｮｲｵｾ＠ tnneously ｯｰ･ｸｾ｡Ｚｴ･､＠ and co111bin.ed \'lith the a11ti Compton ｭｯ､ｾＬ＠
Cr.tmp ( :L9 69 ) has:s 
ｩＺｮｶ･ｳｴｩｾｈｬｴ･､＠ the ope,\"ation of theJ:.io ｳｰ･｣ｴｲｯｭｾ､ＺＮ･ｲ｡＠ .. Camp (1969) obtained 
(JO(')d .. l ... eaul tH for ｾ＠ ｣ｾＺｵＺ［ｯｦｵｬ＠ ｾｹ＠ opt.im.:i.sed system g:tviUlJ ｾ［ｵｰｰｲ･｡ｳｩｯｮ＠ factors 
of l10 on ｴｨ＼Ｚｾ＠ double ｾｳ｣｡ｰ･＠ pet.U<I:J, i;\nd n s.i.ng.l..e esctlpe peal< reduction factor 
of 6, indepondnnt o:f ener(,JY ｴｬ｢ｾＩｖｦＮＺ＠ 1 .. 50 NeVo 
Ｎ ＹＮＲｾＺｬＡｾｾ＠ .. ｦｌｾＮｾＡｾｾｪＱｾｴＮｬＮ［ｶ･ﾷｾ＠ ＧＮｾ＠ ｾＮＮｦＡＮｅ･｣ｴｾｭｈｴｾｾ＠ .. J?.X. CFlJJ!£.J12.§.2.) · 
Ge(Li) ｄ･ｴｾ｣ｴｯｲ＠
.............. ＮＮＮＬＮＮＮＮＮＮ［ｾ＠ . ..._ .... .,..,..,_ 
. 
. . 
\ . . 
\ 
\ 
' . ' 
'1 
I 
·' 
factor · o:f :l2 ｡｢ｾｶ･＠ 1.0 ｾｴ･ｖ＠ and a ;f'uctor . ?J: . at o075 ｎｾｖ＠ o 'l'his. \•Tas obtai11ed 
.\·lith the "split. halves" ｡ｲｩＢ｡ｮｧ･ｭ｣ｾｮｴ＠ sho\'lll in li'ioo "?a 11. Cheapel" arrange .... 
ｭ･ｾｴｳ＠ ｰｩｾｩｧＮ＠ 7.1.1) . ｩｴｳｩｾｬｧ＠ two 7.5 ･ｭｾ＠ '7oS em Nai(rrJ,) scin'tillators and . an 
ﾷ ﾷ ･ＺｵＮＺｩｾﾷ｣ｩｮｧ＠ Ge (Li-) detector ｣ｾ＠ be made 'd th the ·loss of a ｣ｾｲｴｾＮ､ｮ＠ nmoui1t of 
. ｰ･ｲｦｯｲｭｲｵｾ｣･Ｎ＠
ｔｨ･ｲｴＺＮｾ＠ is no re.duction of ( Pfl for this ｣ｾｵｮｴＺｩＮｮｧ＠ modeo 
Accei')tance NoAe 
ＬＬＮｉｎ＼ＮＬＮＢＧＪｃ•ｲｩｾｾＭﾫＱｾ ＬＮＮＮ ｾｾ Ｎ＠
1L'ho ci10:i.ce· uf this mode is dependarrt upon tl\0 1;\bsolu:te double 
esca}>G ｰｾｾ｜ｬｲＮ＠ ﾷ･ｦＮｦｩ｣ｩｾｮ｣ｹ＠ ( ｾ Ｍ ＮＬｐ＠ ) of ｴｨｾ＠ eentral ' detector, ｾ｜ｬＧｬ､＠ the ilbsoltrte 
efficiency. o:t ､･ｴｾ｣ｴｩｯｮ＠ of the tl'/0 m'lllihilat;iori quantn o:f the scintillatOl"S 
· Ｈｾ Ｖ Ｉｯ＠ Catnp ( :L969) estimated an upper limit. for .($ of-·0"23 9. but in general 
this :i.s suuiller, . be:.lng 0.05 us.ing the 7 o5 ·cna" x 7 o5 em Nai (Tl) · ｳ｣ｩｾｴｩｬｬ｡ｴｯｲｳ＠ o 
'l'he absolute double ･ｳ｣｡ｰｾ Ｎ＠ p(;H\lt efficiency ·of the pair ｳｰ･ｾｴｲｯｭ･ｴ･ｲ＠ is ｾ＠ ｾＦｦＧ＠
where ｾｃ＿＠ •. P =· ｾ＠ ｐｐｾ＠ ｾ＠ , and ｾ･ｮ｣･＠ has . values rangino 0.05· ｾ＠ fiP to Oo23 ｾｐｐ＠ o 
.A large ｣ｯｮｴｩｾｵｵｭ Ｎ＠ reduction may pe effected l'lith ｴｨｩｾ Ｎ＠ techniqueo 
Camp ( ·J:969) using. ｾｨ･＠ "split hnlves•i . system ｾＮ｣ｨｩ･ｶ･､＠ el'lergy dependant 
ｲ･ｾｵ｣ｴｩｯｮｳ＠ ｶｾｲｹ Ｎ ｩｮｧ＠ f'r-;>ni ｾ｜＠ ｦｾ｣ｾｯｲ＠ 55 t\t the double escape 1,enk of ｩｮｴ･ｲ･ｳｾ＠ to 
E.\ rnA;x:imum of 350 bet.weou. ｦｈＮｈｾｮｰｾ＠ 'peul<s. 
\'ll:\a _una.f'.t'octcd for ｢ｯｴｨ ﾷ ｯｰｴＺｾｲｩ ﾷ ｴｴＮｩｴＬｮ｡ｬ＠ modes of ｴｨｾ＠ spectrometer. 
7. 6. 3 . ｾｦＧｦＨ［＾ｃｾ＿ＭＡＲＮｾ＠ S<:Psi ｴＮｾｙＮＺｩＮｪＺｘ｟ｬＮｩｭｾ＠
The ･ｦＺｴＧ･ｾＮｴｳ＠ on _sensitJ.vity lirnits ure only roughly calculable for 
ﾷ ｰ｡ｾｩﾷ＠ ｳｰ･｣ｴｲｯｭｾｴ･ｴｾｳ＠ due to . the "d.iffi'culty in the uccurute predfci tion o.f the 
V£:.1r:lr .. ｬＧｴｩｾｏｓ＠ Of ･ｦｾｩ｣ｩ･ＱＱｃｙ＠ and baCltgrO\trldS II 
'l'he introdtiction pf ｾｨｩｳ＠ mode al \1a.l'S results i .n · ｡Ｑｾ＠ improveme11t in 
sensitivity as R is reduced for no loss of E . o 
Pf\ 
Ho\·Te.ver, the inherently 
poor source. detector gt-'lome 'h"Y ( F'ig. '7. 1.1) invalidates tho use of this 
technique ·for ｖＨｾｲｹ＠ 10\'l level ｭ｣ｾ｡ｳｵｲ＼Ｚｾｭ･ｮｴｳＢ＠ ｈｯｮ｣ｾ･Ｌ＠ th:i.-9 ia used · (Alexander C) 
}.1roude,. ｈｴｾｵｳｳ･ｲ＠ and Shart>ey-Shafer 1968) fc>r ·hiohor ( > 1 ｾ＠ Ci) acti ｶｾ Ｎ ｴｹ＠
111 this case, \'/here· the continuum· ｬｅＺｾｹ＼Ｚｾ＠ 1 and contplexi ty 
､ｯｭｩｮ｡ｴｯｾ＠ ･ｱｵ｡ｴ｟ＺｩＮＮｯｾ＠ 6.59 the ＧｵｵＺｰ､ｭｴｾｬｬｬ＠ improvement factor is given approximately 
f.\S 
for the .S(.llllC C and 'l' and 
from ｩＺｨＨＮｾ＠ data of ·Camp ( '1969) .. 
F'ip o ·7 o :1.2 
... ｾ＠ ..... ＱｾＭﾷＭｾｴＪｴＮＭＭＮＮ＠ . . 
Naximum Ef:fic:lency l .. os::1 ｾｬＮＧｯｬ･ｲ｡ﾷｴ･､＠ fc)r .o. 
ｾｾｾＭＭＭｾ＠ ..................... ":OJ)I1_., .. ｾＬＮ＠ .... rw, .. ＢＧ•ＪＮＬ｟ Ｇ ｾＭﾷＡｴｬＺＧｯｴｾＮＬ［ Ｚ ｬｾＢＢｴＧＧＭ］ＢＢｾｬＧｩｦＭ
C ::: 0<>2 
'l' - 10 hOtl;J:'S 
Irli tial D ｕｮ､ｾｾｲ＠ ｐ･ｮｬｾ＠
ＧＱＨＩｾ＠ 105 1.06 
· ｾ｛Ｇｬｬｩ＠ m comptu ... ｾｳ＠ \'l:l th that o:r the ant.icoln,c:i.donoo 1]1-deld <-,\nd tho ｾｯｭ｢＠ :i.ru:rt:i.ou 
results .i.n thi$ ｾｭｰ ﾷ ｲＮｑｶ･ｭｯｮｴ＠ be inn ･ＺＺ｣ｴｬｾｕ､･､＠ ove.r ｓＨ［ｾｖｴＺｾｲ｡Ｎｬ＠ HeV o 
ＧｬＧｬｾ･＠ il;ltrodl..lc_tion of thia mode does not restll t i'u an improvement 
\U)less · the ｢ｾ｣ｫｧｲｯｵｮ､＠ recll.tcti·on ﾷ ｡｣ｨｩｾｾｶ･､＠ more than offsets the ｲ･ｾｵｬ＠ ts of 
､ＺｩＬｦｦｾｬＢｴ［Ｚｲｴ｣･ｳ＠ ｢｡ｴｬＧｬ･･ｬｾ＠ ｾｾ ﾷ ｾ＠ · and ｾｄｦＮＮｾ＠ · • .'fhis . ｰｲｯ｢ｾ･Ｌｮ＠ 1nay be considered ｡ｾ＠
ＮＧｬＧｨｾＱ＠ Ｎ ｳ･ｮｾｬｩｴｩｶｩｴｹ＠ limit ill the ｳｩｮｧｬ･ｾ＠ ｾｮｯ､･＠ is .A1 for a given B; 
{pf' ,., Rm . C ·_e.ild 1'. .Tile resulting xui:tr mode. ｯｊＩ･ｲ｡ｴｾｯｮ＠ niYeS · -\) +o1 .. levels 
· ｾｦ＠ Bp w:l ｴｾ＠ ｉｬｴｾＬ＠ C, . 'r :t"einai11ing COllfJt_ant·o The· efflci ency lc.1ss 9xactl y balances . 
oooooeeo 
but o:r co\•rse ｬｬｬｾｾｩＮ［Ｎ＠ pe . > :t · fo1 .. advt'\ntage. ｾｨ･＠ variation of ｬｔｬｾｘｩｬｮｕｭ＠ toterable 
ｾｦＮｦｩ｣ｩＮ･ｮ｣ｹ＠ loss ( ｾ＠ .) :for a givei1 Ｍ ｾ｡｣ｬ｜Ｚｧｲｯｵｮ､＠ reduction ＨｾＮＡＩ＠ is ｾ｢ｳ･ｲｶ･､＠ by 
. Et 06p . . . Bp · · 
pl?tting these ratios fl"om ･ｱｵ｡ｴｾｾｮ＠ 7. tt · with typical parameter va],ues in-
serted. li'ig. ＷＮＱｾ＠ shows the resu.+t, recalculated for different ＺｬＮｮｩｴｩｾｬ＠
The curves may be considet·ed as the limiting values governing 
In J?l"actice, this analysis can repres-
ent a.11y ｃｑ｜ｾｮｴｩｮｧ＠ ·tepl1nique by ｲ･ｰｬ｡｣Ｍｩｮｾｬ＠ ＨＦＧ＾ﾣｾ＠ nnd Bp with ·the exi>ected values 
ot the l)l"oposed counting ﾷｴｾ･｣ｨｮｩｱｵ･＠ ｾ＠ ｔｨ＼Ｚｾ＠ ｯｶ･ｾｾ｡Ｎｬｬ＠ efficiency reduction :factor · 
· ｭｵｾｴ＠ al \'lays be ｬ･｡ｾｲ＠ ｾｨｵｮ＠ that sh<.H'Ill :i.n ｬｩＧｬｾｊﾷ＠ 7 o 12 for Ｚｩｭｰｲｯｶｾｭ･ｮｴ＠ to be pos-
ｳｩ｢ｬ＼［ｾＮ＠
'l'hc ｾｯｬｬｯ｜ｴｬｩｮｧ＠ ｯｬＩｳ･ｾｖｴＺｴｴＺｩＮｯｩｬｳ＠ l.lro 111£:\de 011 Ji'iu. 7. 12 nnd the ·data of · 
sectiqn ＷＮＶＮＲＮＲｾｾ＠
· 1) The efficiency r(;)C.iuction fc\Ct9r that is tolet•able is greater :Cor 
higher ·baclcgrotmd lev.els. 
2.) . For a :facto;r of 5. ordel"'_S o:e' pacltground ｲｾ､ｵ｣ｴｩｯｮ＠ only 2 orders 
of magnitude of ·efficiency reduction at b_est are tolerable, 
3) 'l'he major bene:('i t of this technique is the removal of interfering 
peaks gi'v:i.ng si.mpler spectral ·annlysiso 
ＱＺｾＩ＠ The levels of Camp ＨＱＹｾＹＩ＠ (section ｾｾ＠ .. ＶｾＲｯＲＩ＠ tJive.s the follo\dng 
1"esults: 
One . pnir ｳｰ･｣ｴｲｯｭ･ｴｾｲ＠ gav·e an efficiency ｩｾ･､ｵ｣ｴＮｩｯｮ＠ of 12o5 and a 
con·tinuum reduction or too. J·lp\'/ever, the ｲ･ｳｵｬｴｾｮｧ＠ sensitivity 
l·ras degr.m:ted a ·rae tor o:f 0 .. 30 o li'or t1notlwr Spi::O:etrometer \'lith a 
:f86 
ｲ･ｾｾｵｬ＠ t:ino _.e£fic:lency ｬｾ･､ＬＮｴ｣ｴＮｩｯｮ＠ :factoJ.' of !':i and « backgrol.md 
· reduction Ｚｦ｡｣ｴｾｲ＠ of 55;, the J.·•esulting sens.i. ti vlty level ｷｵｾ＠
imp·roved a faptor o.f. 2 (:ignoring ｴｾｈｾ＠ :imprc.wet11ent due to 
. . 
removal of ｩｮｴｾｬＺＧＡｾｊＮ＠ ... ｩｾｧ＠ peaks) a Tli.:i.s ｧ･ｮｾｾﾷ｡ｬｬｹ＠ is the ｭｩｮｾＮ［ＬＮ＠
mum ｾｯｬ･ｲｾｬＮ｢ｬ･＠ ﾷ ｩｳｮｰｩｾｯｾ･ｭｯｮｴ＠ ｾ｣｣･ｰｴｾ｢ｬ･＠ il1 ｪＩｲ｡｣ｴｩｾ･ ﾷＮ＠ (ignoring 
ef;fects .of ｩｬｾｴ･ｲｦ･ｲｩｮｧ＠ peai.;:s) as this. small improvement. can 
often be obtained in the singles mC'.>de by· an extensi.pn of 
｣ｾｵｮｴ＠ ti.rneo 
· paramo,.mt ｦｯＺｾＺﾷ Ｎ＠ Ｚｬｾｩｷｲｯｶ･ｮｩ･ｮｾ＠ of any ｳｾｧｮｩｦｩ｣｡ｮ｣･＠ t.o be ｯ｢Ａ Ｚ ｈｾｲｶ･､Ｎ＠
The ｰｾｯＺｲ＠ ｮ｢ｾｯｬｵ Ｎ ｴ･ Ｎ＠ ＼ＧＡｾＺＨｩ｣ｩ･ｮ｣ＺＺｹ Ｎ＠ of both ｴ｣ Ｍ ｾ｣ＮｨｾＱｩｱｵ･ｳ＠ l.il)d ts their 
Ul:'1cful ｦｬｬＨＺＺｈｬｓｕｲｈｭｾｮｴｳ＠ to ncti vi ty. J.(;1V•)LS ｧＮｲﾷｾＮｾ｡ｴｬｾｘＧ＠ ｴｨｾＱｮ＠ severnl 
'l'l1e ｾｳ･＠ of· 'the ·duode duode ,.,us £i.t•st .introduced ｬｾｩ＠ th Ge (Li) detectors 
by Sever (':tn4 Lippert :tn ＱＹＶＵｾ＠ ·. Since t.hen, variou.::; · forms have l:>een tried l'lith 
varying degrees of .success, in particul<:u" by. B.roude, Hausser, Nalm, . Sharpey-
Scht\fer .and ａｬ･ｊ｜Ｚ｡ｾ､･ｲ＠ ( ';i969) and Larsen and Strauss ( 1970). 
ｴｾｾ･＠ l .. Gsul ts obtained .are. ll0\'1 considered • 
· 7. 7. i ｾＲＡｴＺｴＧｩｑｵｲ｡ｴｩｯｮｳ＠ Ｎ ｾＱｾ｣ＺｯＱＱｮｴ･ｲ｣＼Ａ＠
Thei_r use and 
":l'\V'o detec·tors ·· (or independantly opertd::in9 Ｚ］ｊＨＺＺＺ｣ｴＺｦＮｑｮｾ＠ of a ｳＺｩＮＬｮｧｬｾ＠
Ge (Li) ｣ｬｾｴ･｣ｴｭＮＢＩ＠ {.\i."e ｵｳ･ｾｬ＠ ,. plCilCed ｴｈＺｬｾｬｾ＠ 'to each c>thor n:nd. coincidence evetltS 
from tho tl'IC>. ｳｩｾｊｮｩｦｩ･ｳ＠ ｣ｯｬｾ＼Ｌｾ｣ｴｩｯｮ＠ of ｴｭｾｬｴＮｩｰｬ＼ｾ＠ sca.tt<H' events. 'l'he inci dont. 
:r:-ad.iation nn.tst . be collimt\ted ou to one ｳｯ｣ｴｩ Ｚ ｾｮ＠ or ､ﾣｾｴ･｣ｴｯｲ＠ only 9 thereby 
.F.igo 7o 13 ShO\<IS Some of . ｴｨｾ＠ COnfigurations 
fabricated .• 1'he useful energy ranu_e 01' theae devices is .liruited to regiOI?.S . 
where the . Conipton cro,es ... _se'ction ｩｮｴ･ｲ｡｣ｴ ﾷ ｾ＠ on is significant and mul ｴＺｴｰｨｾ＠
scattering \rl th Comp:t.on events is sionificant ＨｯＮＬｬＮＮｾＺ＠ ｾＧｩ･ｖ＠ - ＲｾＰ＠ NeV) o The 
v£u•iation ·irt' geometry affect·s .. the angle of scatter acceptable causing. an 
additional e11ergy dependance of the re·sul tae · 
7. 7 o ｾ＠ · ｾＺｨＺＺｾｴＺｾ［ｾＲＮＮＡＭＹｾＮＮｙｾｾＮＺＬｴｽｯｾｳＮ＠ ＬｱＬ｢ｳ･ｴＢｶ･ｾ＠ .. ·. ｦｯｲＮＢＮｩｾｾ｟ｰｾｾ Ｍ ｾ＠
ｾｬＧｨｯ＠ technique · pa.a ｾ ｜ｕ＠ _.i.nhe;rentl ¥ poo11 ｾ＠ P« due to the necer;;si ty for 
'l'he . donfigurationa shown in 1i':i.g- 74> 13 cover ｴｾ｣＠ ｲ｡ｴｬｻＺｬ€ｾ＠
of ｳｹｦＺｦＧｴﾣｾｭｳﾷ＠ ｡ｶ｡ｩｬ｡｢ｾ･＠ ｾｮ､＠ tu·e used to · .illustrate ·i:h(:: resulting pnramcter 
'l'nbl.e '7 .6 sho\ts thE) e.i';ficiency and backoround ｲ･､ｵｾｴｩｯｮｳ＠ in 
Kraner · o.nd Cha1:1e 
(1968) 
Sayers and Baicker 
. . . ( 1968) 
ｾ Ｎ ｾｾｾｾ＠
.. ｣ｾＭＭｊ ﾷ Ｎｴ＠ ____ Ｎ｟ﾷｅｾＭ｝ ﾷ＠
Ｌｾ Ｍ ｾ＠
· . ＮＮＮＬｾＮＬＮＮＮＮ Ｎ＠
Knntelo ｾｮ､＠ Suominen 
(1967) 
:lB7 
Palms,. Hood and "J:>uch:ett 
. ( 1968) 
··----------
· Gruhn, ·Kane 9 ｋｾｬｬｹＬ＠
Kno ·and Berzins 
( 1967) 
lUck nnd Pepeln:tlt 
( t969) 
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ｾＡ］＾＠ 1El ... ｚｾＨｉｩＡ＠
. ｴＱｩＮｴｾｾｾｾｬＡｊＱａｾｯｵｲｾＬＺＮＮＮｾ Ｎ ｾＮＡＮｾ＠ ﾷ ｷｨｾＺＮＡＬＮＺｾ＠ ﾷ ｾｽＧｾｾ＠ ... ｾＡＳＰ Ｎ＠ of ｅｅ［ﾣＡｾ＠
ｊｊｾｯ､･＠ begins to ·be H:ffective 
. ...... ＮＺ｡Ｍｾ＠ ..... Ｍｾ Ｎ ＭﾷｾＭＭｾｦｴｩｗｾﾷ＠ ... - ... ｾ ＭｾＮＮＭＱＢＮＭＮＮ＠
ｾ＠ ... ｾＭ ........... 
- --
. .. un-- Ｍｾ＠ ｾ ｾ＠
· Bacl<:ground gf:ficiency ｾｬｩｮＧｩｭｵｭ＠ ｩｮｩＧｴｩ｡ｾ＠ bacl,grdo 
Author ｈｾｃｬｵＮ｣ﾷｴ＠ ion Lo.ss ｬ｡ Ｎ ｶＨｾｬ＠ ｷｨｯｴｾ･＠ ､ｴＧｯｾｯ＠ gives 
It"nct<>l" !"'actor ＱｾＱ＠ i'nprovoment ＨｃｾＺｴＰｯＲＩ＠
- -· 
ｾﾷｬｨ Ｍ Ｌｾ｟｟｟ＮＮＮＮＮＮＮＮＮＮＮＬｾＬＮＮＮＬＮ｟｟ＮＮＮＮＮＮＮＬＮＮＬＮｾ＠
ｋｲｾｵＱ･ｲ＠ L\fld Chnse. Ｎ Ｑﾣｾ＠ 1!: tlh'lays pi ves L\ (196.8) degradation · 
-
_,, 
l:Jalms_, \'lood and 
l:>uckett ( 1968)' 20 5 108 counts 
ｾ＠
Sayers {lnd Baiclter 26 7 10 · ｡ｬｬ＾ｾ｡ｹｳ＠ gives .a ( i968) .,. degJ:'adation 
-Gruhn, J{.a.ne ·, ｉｾ･ｊＮｊＮｹ ﾷ Ｌ Ｎ＠
100 10 . 106 counts I<:no, ｂ･ｲｺｩｾＧｬｳ＠ ( :1967) 
Kantele nnd ｾｯｯｰ＠ 100 109 counts Suominen ( 196'7) 
-
I 
Hiclt f;\l1U Pepelnilt . 101J: ( 1968) •' ' 3500 ::So ... 4D .? X count.t? 
-
--
_ ... 
. ＮＮＮｾ＠
'l'ht."i ｣ｯｾｴｩｮｵｵｭ＠ Ｎｩｾﾷ Ｎ＠ ､ｾｭｩｵ｡ｴＨｈｬ Ｙ＠ ｴｴｾ＠ :in ｰｾ､Ｎｲ＠ ｴｬｰ＼ｾ｣ｴｲｯｭ･ｴｲｹｾ＠ by ｳｯ｜ｾｲ｣･＠ geuornted 
eventlil and the tf.llchniquo if• most ｵｾＺｾ･ｦｵｬ＠ in removing ｾｨｩｾ＠ contributiono 
However, du<-) . to the coincidGnce re.quiremcnts n lnroe natur-al background 
reduction is also .effected. 
It is. observed 'that the ,greater the continuum reduction 7 the 
fJl"eater is the .efficiency ｲ･ｾｵ｣ｴｩｯｮ｡＠ '!'his is a function of 'the range of 
angle of .scatter accepted by the detectoro 
It i$ possible for the overall ･ｮ･ｲｧｹＮＧｲ･ｳｯｬｾｴｩｯｮ＠ of system to be 
degraded · ｾｳ＠ the use of ･ｦｦ･｣ｾｩ＠ vely t''lo detectQrs and preamplifiers requires 
very . ｣｡ｾＺＮ･ｦｵｬ＠ matching. 
ﾷｴｾ＠ 7 a 3 ｾｾｮ＼ＡＡＡＮＬｩＬｯ＠ .. ns· where Senstttvi ｾｙＭＮＮＡＮＺｾＮＡＡＡｩＡＡｾ＠ .. ｾｾ･＠ . l!'.!k.'lr?y.ed 
The inher.ent,ly lmt ｾ＠ Pf\ instantly .invalidates the use of dttodes 
for l.ow .1 eve 1 ｭｾｮｵＺｮＮｴｲ･ｭ｣ｾｮｴｳ＠ o HowGvei""'J thes<:! ､･ｶｩ｣＼Ｚｈｾ＠ mny he of use in hinher 
bt:\ch:grout1d c<md:itions, this beinu :deci..dud by the criterioi1 of l"igo Ｗ｡Ｚｬｾｾｯ＠
.Vor Q. ui. von ､＼ｾ｢Ｉ｣ｴｾｲ＠ ·there is l:\ minimum ｢ｮｴＮｾｬｱｊｬＧｯｵｮ､＠ count under the sinules 
peal{ for ｷｨｩＨＬｾｨＮ＠ ﾷ ｴＬＺｨｴ ｾ＠ ＮｩＮｲｩｴｬＧｯ､ｵ＼Ｎｾｴｾｯｮ＠ of . ·the duodo n10d(:1 in::ttond of the sinr.Jlos 
modo· of ｴｾｈＮｽ＠ :lncident lletoctor jul'-lt impJ·ov<:H:; · tho ｣ｯｵｮｴｩｵｾＱ＠ ＺＺｈ Ｚ ｮ ﾷ ｾｾ［ＺｬｴｩｶｩｴｹＮｯ＠
'l'Ahla '7., 6 ｾｾｨｑ｜ｦＺＺＮＺｊ＠ tiH-2 ｣Ｎ ｾ ｮｬ｣ｵｬ｡ｴ･､＠ m:l.nimmn bw::.Iq1round lovel s :for each duo de o 
· .: •••• 7"" :- · ·. -: ＭＭＭＭＮＭｾｾＭＭＭＺＭＺＭＭＭＭＭＭＬＬＭＭＭＭＺＭＭＭＺＭＭＭＭＺＭＭＭＭＮＭＭｾＭＭ Ｎ Ｍ Ｎ＠ -----. 
:W9 
\thile ·tl')e remaincler are. o.f u&;e c;>nly in very ·high ｢｡｣ｫｧ［ｾＮＮ＠ ... ound le.vels. The 
｣ＮｯｮｴｾＢ｡ｳｴ＠ is ｯ｢ｴ ｟ ｡ｩｬｩｾｾ､＠ by ｾＺＺＺｯｭｰｾＺｴｲｾｳｯｮ＠ of ｴｨＨｾ＠ results of Kantele <.\nd Suominen 
. and H:l.ck and ｐ＼＿ｽ［ｊ･ｬｮｩＢＮｬｾ＠ Ｂｬｩｨ･Ｑｾ･＠ although t.l\e former obtf.-lin · a larger bacl{ground 
Ｚｲｾ､ｵ｣ｴｩｯｮ＠ fr.tc_tqr$ Ｎｴｨ･ｾｲ＠ ﾷ ｧｲ･｡Ｎｴｾｲ＠ efficie:ncy loss ｬｬｬ｣ｬｬｾ･ｳ＠ -its use c·ontravel"SiaJ.., 
· 'l'he d'Uode of' Hicl" f!l.ilcl ｐ･ｰｾｬｬｩﾷｩｫ＠ is usable to ac·t;t ｶｾ＠ ties of a :few jA. C;L; 
7 ."S ﾷＮ ＲＧｨ＼ｌＬｾｗｒＮｐＮＭｩｾｌｾｩＮｾＬｬｬＮＮＬｾｾｾｾ＠ ｇｴＮ［ＬｾｌＡＮｌｅＮｐ｣Ａ＠ ｎ｡ｬＺｩＡｬｬＮｊ＿ＮｾｾｾｳＮ＠
ｇｯｮｾＮＮｵﾷ｡ｬ＠ .oo.lllt'H.,risot-:lS ｢･ｴＮｷ･ｦＮｾｮ＠ GcdLi) and Ntll(Tl) detec'\:ors a:re 
ＺｦＺｴＭＺ･ｱ Ｎ ｵｾｮｴＮｬｹ＠ Ｎ ｭｩｲｾｬｴｾ［ｯ､Ｑ＠ .. ng du·<il ｴｾ＠ tho ､ｩＮｦｦ･［｣Ｇｾｬ Ｚ ｴｯ＠ llpJ-)licut.i.ons, experimental con .... 
fi.gtlrf.\t:i.ons 1 ｳｰｾｾｴＺｲＮ｡ｬ＠ <;::UUlploxi ti.es and €ＺＱｮｶｾＮｲｯｮｭｴＺｮｬＧｴｩＮ｜ｬ＠ conditions conunonly 
encountered. 
as · in ·the ｦｯｬｬｭｾＭｩＢｮｧ＠ lo\v actbri't.y ｭ･｡ＺＺ［ＺｵｲＮ･ｭ･ｮＧｴｾ［＠ with a singles spectrometer . 
C_apnhle of ｕｓｾＧＡ＠ \i:l.th . b<.'1th ｓ･ｭｾｃｏｬｬｑｕｃＧｴｯｲ＠ Hnd scintillut:ton ､･ｴ･［Ｑ｣ﾷｾｏｬＢｓｯ＠
A 7•5cni . dia. X· "7.5cm ｾｨｩ｣ｫ＠ Nai(1'];). sc:intillnto.r background spectrum 
ｾﾷｬ｡ｓ＠ nieasured for 600 ｭｩｮｾﾷｴ Ｎ ･ｳ＠ :in a me:ssive shield* made ():f 15Cill th:ick pre l·mr 
steel -. '!'he ｢ｾＺＧＩＮ｣ｫｧｲｯｵｮ､＠ counts undel, .. . the ･ｸｾＩ･｣ｴ･､＠ pos:t tions of. the 137cs and 
60 . ·. . . . 
Co peal{.t3 were ｭ･｡ｳｵｲｾ､＠ and· ti.\bulated 1n ＧｬＧｾＧ｢ｬｯ＠ 71)7(1 Baclcground levels · :for 
ﾷｎｾ｣ｬ･｢ｲ＠ ﾷ ｉｃｲＮｲｴ･ｲｰ［ｲｩｾ･ｳ＠ ﾷ ｬＮＱＰｰｲｲｾＳ＠ uud a 100cm3 ｇ･ｏｾｩＩ＠ detectors ''.re1 .. e e.valua.ted from 
·the ｃＹｮＮｳｾ､ｾｲｦＮｴＺｴｪＮｯｮｳ＠ o:f ｳＭＮｾ｣ｴＺｬｯｮ＠ 7•2 nnd tabulated . (Tf).ble 7.7) ｾ＠ ｾ＠ P:A \•ms 
ｭ･ｾｓｴｬｲ･､＠ t\'t ､ｩＬｦｦ･ｲｾﾷｭｾ＠ ｳｯｵｲ｣･Ｍ､･ｴ＼ｾ｣ｴｯＩＺＧ＠ distances to ｯ｢ｳｾｯＺｵﾷｶ＼ｾ＠ the effects of 
opt:l.inum ｴｕｾ､＠ ｰｮＮｲ｡ｬｬ＼Ｎｾｬ＠ ·'beam ｧ･Ｎｯｮｋｾｴｲｩ･ｳ＠ o ｔ｡｢ｬｅｾ＠ Ｗｾｂ＠ shows ｾｐｉ｜ Ｍ fo1 .. each 
dtitector for 1 , em, 20 Cin nnd hO em ｓｏｕｴＧｃＨＭｾＭ､ Ｎ ･ｴ･｣ｴｯｲ＠ distances and also ｳｨｯ｜ｾｓ＠
AE calculated :f;Ol'' each geometry ｾ｜ｮ､＠ ､･ｴ･｣ｴｯｬＢｾｯ＠
fJetector 
-Energy 
ｾ･ｳｯｨＮｲｴｩｯｮ＠
(Qo662 HeV) 
ｅｮＮ［ｾｲｧｹ＠
Resolut:lon · 
( ＧＱ･ｾＳＺＱ＠ NeV) 
Contiriuutit iri 
perut base 
ｷｩＮ､ﾷｴｾｬＱ＠ at 
Oo662 NeV 
ｾＭＭｾＭＭＭＭＭＭＭ ﾷＭＭ ｾＭＭＭＭＭＭＭＭ ﾷ＠
Cot?.tinuum in 
pealt bnsa 
w:i,dth at 
Ｑ＼ｾＳＳ＠ NeV' 
ＭＭＭＫＭＭＭＭﾷＭＭＭﾷＭＭＭＭＭＭＭｾﾷｾＭＭＭＭＭＭＭＭＭＭ ＭＭｾ ｾＭＭＭＭｾＭＭＭＭｾＭＭｾ＠
'7 o5CUJ X. .7 ｾＡＩｃｩｦｬ＠
ｎｾｉ＠ (Tl) 
2o 1 k.eV 
9920 count.s 
40 counts 
3600. counts 
ＹｾＵ＠ c<)unts 
____________ ......;,.;...,;. _____________________ __,___________ .. 
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ＲｾｾＭｾｲｩｯｽＺｩＮｯｮ＠ of, ｾｄｴ＠ attd EPA ｦｯｾ＠ ... ｴｨｾ＠ .... ｐｾｴ＼ｴﾣｾｐＮＮＡｅＮＮ Ｍ ｾ＠ ｾｾｾ｡ｾｾＮｾ＠ ＷＮｾｺＮ＠
!:_t, 
Ｑ ｾｾｾＡＡＭﾣｰ､＠ 60c :o · ｅｴＩ･ｲｾｩ･ｳ＠ ｾ＠ ... ｾ＠ .. ＼ｬＡＮｾＮｾＮｲ ﾷ＠ = ｟ ＶｑＲｾｾｾＡｯ＠
So\,trce ... 
·1s.Ocm3 AE(fpm) 
AE(l{pm) AE(ipnt) 
Detector Nal(Tl) 100cm3 . Na!(Tl) /!0Ct113 100cm3 Distance G.e(Li) Ge ＨｉＮＬｾ［Ｉ＠ Ge(Li) ｇ･ＨｌｾＩ＠
-Ｍ ｾＳＷ＠ Ct:i Ou118 · .. Oo0055 0'90 ＱＱＮｾ＠ 10'f)5 :l9·4)7 9o5 . 
'1 em .. -- _,.,._'* - . ... ..,..._ ,....,. ...... - ＢＢＢＧｾｾ Ｍ6oC·o 0 
·o,o6:; ｯＮｯｯ ｾ ｾＹ＠ 0 o'(:''71 Ｇ ＱＳｾＱ＠ 2a9o0 1/J:o5 
ｾｪＷｃｄ＠ ｲＭＭＧＭｾ＠ ＭｾﾷＭ Ｎ＠ .. ｾ＠ ... ｾ＠ ｾＵﾷＺＰ＠ ﾷ ｾＭ［［ｯＬＭ［［ＭＱＭＺ［［ＺＭｾ Ｍo.oo:-;2 Oo00016 () ＮＺＮＰＰＰＱＮｾ［ｽ［Ｑ＠
20 em ＶＰｾＰ＠ Ｎ［ＮＮ｟ Ｌ［ ＭｾＮＮ［ＮＮＮＮＬ｟ＮＮＮ＠ ｾｯｯＮｯ｝ｾｾＺＮ＿＠ .. ｾ＠Oo0019 ＰｾｾＰＰＰＹＮ＠ ·.Oo00022 ｾＭＭ .. --. 
13'1 CEJ 
·0.00094 0 .. 00005 
.. 
Oo00012 1310.0 216ooO 10l.J.OC)O .. 
li() en• 6oco 
. o.ooo5L1 . 0.000026 . .o·!)oooo6 14·?..0o0 . 3280o0 ＱｾＶＵｯＰ＠
-
. It is . ubserved that the ·sc:i.ntillatol.,· has a. ·high r.Jensitivity in 
the abt:J'ence _of ｾｮｾ･ｲｦ･ｲｩｮｧ＠ peaks and is roughly ｣ｯｭｰ｡ｲ｡｢ｬｾ＠ to the 100cm3 
Ge ＨｌｾＩ＠ cle.tecto1... Ho,.,ever ｾ Ｎ ｴｨ･＠ presence of more than 3 - 4: peaks belO\'<' 
1.t.5 MeV may .seriou6ly c;legrn.de the scintillator ｰ･ｲｦｯｬｾｭ｡ｮ｣･ＮＬ＠ The detector 
. chc:d.ce ia ｴｅｾｴｬＧｑｬｬｾｬｾ Ｎ＠ illf:f:uenced by ·t.h.(-) spectral oomplmd ty o· 1'he levels :i.n 
ｔｴＺｾＮｬ［＾ｬ･Ｇ＠ ? .8 ｣｡ｲｾ＠ be· ｶ ﾷ ｾｬＢｾ｣ｾ､＠ i->y using lnroer detectors 9 lonuer count . timea and 
ｔｬｵｾ＠ above 1 ovel s ｡ｲｬｦＮｾ＠
ｾｵｰｰｯｲｴ･､＠ by ＢｬＺｨｴＭｾ＠ ､｡Ｍｴｾ＠ pf Cooper· et o nl { 1969) lvho t\chieved levels of 1. pCi 
with .a Ge(Li) detect9r and o:f ｓｯｮｾｬｴｲ［｜ Ｎ ｧ＠ .{1.967) and Nilsson a.nd Perkins (1967) 
\tho ﾷ ｡ｾｴ･｡ｳｾｲ･､ Ｎ ｏＮｴＲ＠ J.>Ci \'lith ｳ｣ｩｮｴｩｬｬ｡ｾｯｲｲＮ［ｯ＠
Ot.hel.A comparisons may be made for practical cases by substitution 
of .the ｡ｰｰｲｯｰｲＮｩ｡ｴｾＮ＠ data. ｾｐｦＧ ﾷ＠ m\lst be predicted ｡｣｣ｵｲ｡Ｎｴｾｬｹ＠ due to i ·ts 
direct relttt:i.-c>J.l ,.ii.th AE• . Errors in the prediction of B are minimised as 
B ｨ｡ｾ＠ · a ｲｯｯ ﾷ ｾ＠ relation 1'fi'th AE• 
'fo unde;rtalte a :Cull comparison, the above brief example should 
be recalculated fol" a \dde. range. of detector sizes and system conditions, 
ｾ｣｣ｯｵｮｴｩｮｾｊ＠ ｾｬ｡ｯ＠ fo1..:. ·more complex specti"a .. 
Ｇｔ｡｢ｬｾ＠ B:. 1 
Sunimai:f of. Counting TecJ:!.iliques Ｆｾｬｹｳ･､＠ by' the ·· Criterion . 'Iteelu·"li.que . 
! 
l!se:ful ActivitY. · 
·. 
' 
l ¥ .Isotope E:ffecti-;_;.eness :E:rzecti veness toiit.h Tech.:--ri que Range Measurable 
withY Energy ! (C=0.2, T=10 -hours) Restrictions Backgrcmnd Level ·· I 
. . 
I 
. i"\j Ｕｰｃｾ＠ ｟ ｴｯ ｟ Ｍｾ＠ ｾｃｩ ﾷ Ｎ Ｚ＠ ... ' · . . · · all levels · c.f . · .. l<';B.ssive ｓｨｩ･ｬ､ｩＺｮｾ＠ . .. ··no lim tation . all energ;ies I· .. ﾷＧ｢｡｣ｾｧｲｯｵｮ､＠, 
Anticoinc2dence. Shield (i) 
ｯＮｳＩｾｾＮ｣ｩ＠
. ((- ｣ｯｩｮ｣ｩ､･ｾ｣･＠ /V -so ｾｶ＠
all levels · 
+ ¥:.a.Esive Shield /\.; 1pCi to N .suppres;Siori to several MeV . · 
I (i) Internal ｓｯｾ｣･＠ (ii )" { ii) Extert"..al. sOurce nc ｬｩｾｴ｡ｴｩｯｮｳ＠ ,• /\J· · 50 keV all levels· · ｾ Ｍ ｾｃｩ＠ to'several Ci .. to ｾ･ｶ･ｲ｡Ｎｬ＠ -l<-1eV 
l 'Pulse ｓｨ｡ｰｾ＠
: 
"V · .50 .. keV 
-nominal at. lQ\'l 
i Discriwi natiorl > several n:Ci no. liw.i tations Ｎ ｴｾ＠ several 1-ieV background levels 
ｾ＠
ｾ＠
. ' .. . 
1 
I 
(i) ｾ＠ -'(( . . . decr_easing . ｾｩＮ＠ th most ･ｾｦ･｣ｴｩｶ･ ﾷ ｡ｴ＠ high 
Coincidence Counting 1'\..J pCi to /V roo}..lci emissions only increasing . . energy ｢｡ｾｾｧｲｯｵｮ､＠ levels 
{f) ｾＭＧｩｦ＠ (ii) . :;. · p -1f : -decreasfng with 1 ｾｾｳｴ＠ .effective at high i 
{ii) .J /V pCi to /V. ＱＰＰＩＴｃｾ＠ . . ｾ＠ emissions ｯｾｬｹ＠ · ｩｮ｣ｲ･｡ｳｾｾｧ＠ .energy background levels · I . . f3 - 0 i .. I {iii) (-if il i l (iii) ·.. 1- "'5-5 . effectiye at lower . most ･ＺｦＺｦ･｣ｴｾｶ･＠ at high 
I l "'\,( 20nCi to 1\i 100,1-Ci . > I ﾷ･ｭｩｳｾｩｯｮｳ＠ ｾｾＭｬｹ ﾷ＠ . energies (<500 keV} 11 · ｢ｾ｣ｫｧｲｯｵｮ､＠ levels I l 
I 
I 
.. 
1 
1)4Ci /\I 4on keV 
at ｾ･ｳｴ＠ only usable 
I Duo:des > no limitations 
· tc 1\7 2 i.JeV > ID'* counts Ut-,.der 
1 I ｰ･｡Ｎｾ＠ I 
l I . . <i > no lifu.i t.ations £or ｃｏｭｐｬ･ｾ＠ spectra I t 
I Pair Spectrometer J rv 1o}aci ｾｯ＠ Several . Ci for'l·s .of appr-o- ｡｢ｯｶ･ｾ＠ ·io5·MeV ·I .and high level n . pr'iate energy j Ｎ ｢ｾｫｧｲｯｵｮ､＠
t (i) Acceptance Hode i 
I (ii) Rejection Mode 
I . . (ii) as for above ｾ＠ 1o5 MeV. I medium ｾｯ＠ high I _ IV . 1j,.Ci to Several Ci acceptance mode background levels I ｾ＠
-' .. 
A ﾷ ＮｾｾｮＮｬ｢ｳｴ｡ｮﾷｴＺＧｩ｡ｬ＠ amount of. a.ttention has beer.l pa:i.d in this t'lo:a:•lt to 
nlf.!f:lSUrement ·and .diannosis of ､･ｴ･｣ｴｾｲ＠ ｣ｨ｡ｲ｡｣ｴ･ｲｾ Ｎ ｳｴｩ｣ｳ＠ and faultso This ia 
､ｵｾ＠ to ... tho ｴｮｨｾｲ･ｮｩ［Ｎ＠ fragi.li ty of. the Ge (Li) . detector $ystem and ｴｨＮＺｾ Ｎ＠ di.ff'icul ty 
hi d;iacernilltl an ｯｲｧｾ｜ｑｩｳ･､＠ .ff.lUl t ·findinn anr.1 ｣ｯｲｲｯ｣ｴｩｾｮ＠ ｐｘ ＢＧ ｏｃＮｾ､ｾｲ･＠ . from present 
allo'" the ･ＺｵＺｰ･ｲｩＮｮｊ･ｴｬＧｴＮｅｾｬＮＺＮ＠ to .obtain optimutit per:f;.o.rtllc\UCe cl.nd ｴｴｮ､ｴｾｾﾷｴ｡ｫ･＠ necessary 
repa.:i.rf.; and ｬＺＧｦ［ＩｃｯｵｾｬＺｩ＠ t:Lo:ning" 
l};lllphC?-ft.is has also been plt'l.ced upon the . ｱ･ｴ･｣ｴｯＱｾ＠ absolute full energy 
pealt efficiency ､ｾｴ･＠ to its ﾷ ｰｲｾＡｮ･＠ s:i.gnifi.cance in low level · acti.vi ty measure-
ments and its easy. degradation ｴｬｾｲｯｵｧｨ＠ poor fabrication tec·hniqJ.leo. 
Ｇｬｾｨｩｳ＠ thesis ｨ｡Ｎｾ＠ broadly defined .the inherent lolr level capabilities 
. . 
of' ｳｾｾ･ｲ｡ｬ＠ ｣［ｯｵｮｾＮｩｮｧ＠ ·techniq\tes ·us:ing Ge (Li) detectorso 'l'able 81)1 ·summarises 
The data is calculated for detectors in the range 
20 ... 4ocm3 ·.sensitive volume a11d :; .... 5 keV enargy resolutiono 'Vl!lriations 
fr.om thast'il · ｾｾＮｴｩ Ｎ ｊｰ｡ｴ･､＠ ｳｾｮｳｩ＠ ti vi ties are · obtnineu .for detectors outside these 
Ｚｴ•｡ｮｧＮＺｵＺｾ＠ nnd/oi· the ·w:;se of diff'eran·t · C and To 
· ｘｾｯｲ＠ a: sveci:fic ｳｰ･｣Ｚｴｬｾｯｭ･ｴｾｲ＠ 9 .a.ccura.tt-a ·predictions may be ｭｾ､･＠ using . 
. . 
:i. tt? ｾｾｰ･ｲｾｭｾＺｭｴ｡ｬｬｹ Ｎ＠measured p_arameters and i ＬｾｾＱ＠ minimum detectable act:i vi ty 
ｾｳ＠ ､･ﾷｾ Ｚ ･ｲｭｩＱＱ･､＠ b:Y .setting C f\1·! in the calculations Q 'l'his may also be used 
to evaluate .further extensions to 'be added to that spectrometero The 
ｴ･ｾｨＱＱＮｩＹＬｵ･ｳ＠ ｾＧｬｬｾｩＧ｣｢＠ ｡ｲｾ＠ most effectiye fox .. lolt level counting are those ti1at 
main:tain a ﾷ ﾷ ｨｩｧｾＱ＠ ｶ｡ｬｾ･＠ of ｾ Ｎ ｜Ｂｾ＠ o· These are ·massi ｶｾ＠ shielding., .. anticoincidence 
Shielding ·.and, \'lher.e appl.iCrlbl'e9 ｾ＠ .-.. "(/ and f3 ""''(( c·oincidence Systemso 
ｾ＠ considerable nmpunt ·of f .urther · worlt is required to .fully ｾｶ｡ｬｵ｡ｴ･ ﾷ＠
｢｡ｾｬｴｧｲｯｵｮ､＠ levels of. Ge(l .. i) detectorso Using the .techniques devel1..1ped in 
t.hi:s thesis, ｣ｾ＠ ﾷ ｦｾｬｬ＠ low · level counting ﾷＮ ･ｶ｡ｬｵ｡ｴｩｯｮ Ｎ ｾﾣ＠ ｇＨｾｻｌＺｩＮＩ＠ detectors, in 
comparison \"ri th othcu" t)'}les of detectors? may now be ｴＮｴｮ､･ｲｾ｡ｨＺ･ｮｯ＠
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Publications and· Conference ＮｐＮ｡ｰＨｾＮｲｲ［＠ Hcsul:tinn from ｴｨｩｾｾ＠ 'J'hes:ls . 
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· '1)· Anc.."'molm_.a , ｉ｜［ｦＺｦｾｾｴ＠ :i.n n. · L.i.thiilm ｐｲＺｬｦｴＨＬｾ､＠ Gel:'mnnhlm ｓＨ ［ ｾｭＮｩ｣ｯｮ､ｵ･ｴＨＢＩｬＢＧ＠
G ｜ ﾷ ｨ｜ｾＮｦｭＺＭ､＠ tmd ｃＧｾｾ［ｯ＠ Dot.\st 1.96B 
2) 
ｾｬ･｣ｴｲｯｮｩ｣ｳ＠ ·Letters Vol? ｾ＠ ｎｯｾ＠ 1, 12 
A t-·iethod ｦｯ［ｾＮＢＢ＠ th('l .Hnp:td Cnlibra:t:ton of Germanium Ｎ ｓｰ･｣ｴｩＺｾｯｭ･ｴ･ｬＧｏ＠
Go Walfol."d and C.,U;" Doust 1968 
. Nucl ｾ＠ ｉｮＺＺｲｴｲｾｾ ﾷ＠ and · Het.h· .. §2i :55·3 
3) Defects · in Ge(L:i.) ｄ･ｴＬｾ｣Ｍｴｯｲ＠ ｅｦｦｩ｣ｩ･ｮｴｽＺｩＮ｣Ｚｾｾ＠
·GeVQ Wulford and toEo Doust 196a 
l')r.oceedings ·of a Neeting on ·special 
Techniques C.lnd ｬＢｾ｡ｴ･ｲｩ｡ｬｳ＠ for Semi 
conductor Detectors 
ｾｳｰｲｵＬ＠ Italy J!;UH l.t:269<:1, 1o:;· 
h) A ｄ･ｴ｣Ｚｮﾷ Ｎ ｭｩｬｬｾｴｴｩｯｮ＠ Qf tho Helut:ionship ｢Ｈｾｴｷ･･ｴｩ＠ g:.r.:ficiency m1d VolUnt(l 
o:t' n .Go(L:i.) Dc."lto<:tor (md o Propot:H.Hl Eddy Curreirt 'l'echnique for 
Depth 'ros·t;ing ｴｨｴｾ＠ ·p-i·ftn Contours of ｴｨ･ｾ＠ ｃｾＺﾷｹｳｴＨ｜Ｑ＠
G.V .. l'lalford tu'ld C.E. Doust ＱＹｾＹ＠
Nne. I. Insi:r q and lvte'tho §.Z., ｾｾＧＱＲ＠
5) Ge (Li) Gumma I1ny ｄ･ｴ･｣ｾｯｲｳ＠ fr>r gnvironmental Activity ·Ivleasurernents 
· presented at the Second Congress of 
. the ｉｮｴ･ｾｲｮ｡ｴｩｯｮ｡ｬＮ＠ Hadiation Protection 
ａｳｳｯ｣ｩ｡ｴｩｯｮｾ＠ Brighton UoKo 
6) 'I'he Direct ｬｾｶｦＮ｜ｬｵｳＺｴ Ｚ ｩＮｯｾｬ＠ of I .. o,'l J...ev(}]. Cotmting ·'!'echn:iques gmploying 
G.e ( Li) .Detor;tors 
ｇｾｖｯ＠ ｗｾｬｦｯｾ､Ｌ＠ ｄＮｔｾｷＮ＠ Aliaga-Kelly and w.n. Gilboy 1971 
ｐｲＨｾｳ･ｵｴ･､＠ (;tt the I Ｎｲ･ｾ＠ .. n:.,g. Nuclear 
Instrumentation f<,r ｈ･ｳＨＺｾｭＺﾷ･ｨ＠ ｣ＮｵＱｾ＠ Dnvelop ..... 
ment ｳＬ［ｨｾｮ｣･＠ Sympos:i.tm1-, November 1971..a 
Son ｆｲ｡ｮｾｩｳ｣ｯＬ＠ UrSQAo 
'7) 'fhe ｌｯｾＢ＠ Level Couutinn Crlp<:tbili ｴｩＮｯｾｾ＠ of Ge (L:i.) ·Detectors 
. G., V.. \1o.l f<>rcl and W .. Do Gi lboJ" 
In. ｰｴＧＧｾｰ｡ｲ｡ｴｩｯｮ＠
It ｨ｡ｾｾ＠ becoJne nppn.reut th£\t w.i. th the h:tohex· e•wt"OY resolution of 
Ge ( L:i.) ､･ｴ･｣ｴｾｲＮ Ｎ ｳＬ＠ ｲｭｾｮｹ＠ gc\lllliiD. ray epet•o_ie.s. p:revit'lU.Sly used . for .cnlibrnt.ion 
of scb1tillators ar•e inadequately knol•lll for semiconductor · ､･ﾷｾ･｣ＢＨ［ｴＧ＾ｲｳＮ＠ · 1.'he 
:f'ollowing table contains -som€;) readily ｯ｢ｴ｡ｩｮｾ｢ｬ･＠ ｩｳｯｴＮｯｾ｣ｳ＠ of l'nm·m intei:lsi ty 
and ene1"9Y .· that have been successfl.•lly used for scnt:l.conduct:or cnl:tbrat-ion 
purpo;:Jeso 
X£nergy 
Range 
(keV) 
90 ... 3500 
· 92 ... t6s·o 
. ＱｾｾＭＱＴＰＹ＠
122:...1:-;6 
x ... :..ray machine 
1
'·'ea 
2.1t1i\'n' 
ｾｯＹ｣＠
176Lu 
75se 
82Br 
ｴ＿ｾｅｵ＠
57 co 
151-l- .. 
· E\t 
·1L.t:1:. 
· Ce · 
1::;9 . 
｣ｾ＠
Half J.,ife 
7Q8 ｹ･ｾｲｳ ｟＠
l:t·.5H yeo.ra 
4:70 days 
2.1 years 
120 days 
35 hours . 
12 .. 1!: ｹｾ｡ｲｳ＠
270 days 
16 years 
:)2.5 days 
226 HI,\ in 1617 ｹｯｾｲｳ＠
equilibrium \d th 
ｾｮｵｧｨｴｴｈＢＧ＠ productu 
1311311 
Ｑ Ｎ ｈｾｭｈＺｦ＠
. 5. 5 ｨｾＩ｜ｬｾＮｅｩｬ＠
Heference 
ｓｬｩｶ ﾷ ｩｮｳｾｻＮｹｾ＠ 1969 
ﾷ ｇｵｲｦｾｮｫ｣ｬ＠ ｾ＠ ·_ 1967 
ｍｾＧｾｭｴｴＬ＠ 1969, Pf::'rndellis 19_.69 
ＧｬＧｯ｣ｬｾｲ ［ ｜ｮ＠ 196H 
Donnelly 1967 9 Ｍ ｃ｡ｭｰｴｾ･ｬＬｬ＠ :1.971. 
Donnelly_ 196'7 
Gearkc 1971 
. Gearke 1971 
Multherj'ee 1969, No\ratt 1970 · 
Nichaelis ＱＹＶＸｾ＠ No\·tat · 1969 
DreJcler 1967 ?. ｐ｡ｲ｡､ｾｬｬｩｳ＠ .. ＱＹＮｾＹ Ｍ
Cam.t>bell 197.1 
Pa.rrldellis 1969 ｾ Ｍ Toltcan 1968 
· ｂｬ｡｣ｬｾ＠ 1967, Hhl. te 1968, ._ 
Cnllll)bell 1971 
· Donnelly 1967 9 ｬＳｬＮ｡ｾｬｴ＠ 1967 
Campbell t971 
'..ro.lford 1968 9 \•/allace 1969 
ｎｯｷｾｴｴ＠ 1970 
l(nm." 1967 , M'Cl\·m.t t 19()9, 
Pnrl)<.lellis 1969t Sprouse · 196.5 
.. 
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Energy 
ｈｲＮｬｬＧｬｧｾｾ＠ Isotope Half Lif.e Reference 
(keV) . . . 
ｴＭｾＭＭ｡ｭｱＬＮＮ＠ .. ｾｾＧｬｲＢＧｉｈ •ＢＭＢｦＴＱ＠ ＭＭ ｾ］ ＭＮＮＮＮＮＮＮＮＮＬＮﾷｾ［Ｎ｡ｯＮｬｬｬﾷＮＮＮＬ ｲＮＺｾＢＢＭＢＢＧＢＧＢＢｾＭ］ｺＮＮＮＮＮ［ＮＭ］Ｍ｟ＮＮＬｾｾＮＮＬＮＮ｟ＬＮＬＮＮＮ｟ＮＬＮｦｴｲｬｬＧＢＯＧｦｃＧＮＮＬＮ＠ . ﾷｾﾷｾｾｾＢｾＢＧﾷﾷｾｾｾｾｕｔＭｷｷＮＧＮｍｯｾｍ＠ .... ｾＭ］Ｍﾷ＠ ｾＬＮＬｾｾ＠
320 51Cr 
1102 75Se 
ＱｾＺＱＲ Ｎ ＭＱＮＰＹＰ＠ 198A. . u 
ｬＡＭＳＲＭｾ＿ＲＷ＠ 108mAg 
ｬｾＺＷＷ＠ 7B . e 
513 8Sc;: ,;:));" 
569-1430 207B:i. 
583 ... 26'14 298Tl . 
662· '137 Ca 
690 ,:? ..  ｯＺｾｩ ﾷ ｬ｜ｬ＠
768 95Nb 
ｓｌＮｾＺｊｶｬ＠
56 co 
892-1118 _46Sc 
92Nb 
1115 65 Zn 
1173-1333 6occ, 
I 
,182,1', 
l ' c:\ 
1280 
q2 
.:... ... N a 
27o8 .days 
1iJ7 dc\ys 
ｾＡＮ＠ 0 69 days 
5 ｹ･｡ｲｾｬ＠
·53 days 
. 61* . days 
8 years 
3. 1 mii1utes 
28 yeat:'s 
l-t.6 ､ｮｹｾＱＮ＠
35 days 
ＳＲＱ［ｾ［＠ days 
'77o2 days 
ｂｌＮｾＺ Ｎ＠ days 
350 years 
245 Qays 
ＵｯｾＵ＠ ｹ･ｾｲﾷｳ＠
'. 
111 dnys 
2o6 .Years 
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ｕｾｴ･ｊ｣ｰｬ｡ｩｮ･､＠ 11henomena are frequept,ty obset'ved_ iu tho ｣ｨ｡ｬｾ｡｣ｾ･ｲＮ［ＬＮ＠
istics of ｇ･ｾｌｩＩ＠ ､･ｴ･｣ｴｯｾｳｯ＠
mance, · while the effect re_por:f;ed ｨ｣ｾｲ･＠ resulted in · ui-1 . ｩｭｰｲｯｶＨｾｮｴ･ｮｴ＠ in the 
detector performariceo ｔｨｩｾ＠ ｾｦｦｾ｣ｴＬ＠ ｾｦ＠ ｮ･ｧ｡ｴｾｶ･ Ｎ ､ｩｦｦ･ｲ･ｮｴｩ｡ｬ＠ ｲ･ｳｩｳｴ｡ｮｾｾｾ＠
,\'IL\13. observ:c;cl in ｴ｜ｾｏ＠ planar Ge (J..i) detectors ｭｯｵｮｴｾ｣ｴ＠ in ｾｨＮｩｳ＠ ｾｮ｢ｯｲ｡ＮｴｯｲｹＬ＠ · 
the. first shO\..rinn ｣ｾ＠ ｍｾ＠ current ｲＭ･､ｵ｣ｴｩｯｮｾ＠ the ｩｾｴｾ｣ｯｲｩ､＠ showing one of' ＳＳｾｾｾ＠
li'tl.,tlcett and .Pni.oe f:lrst ｾｾＧＡｰＨ＾ｲｴ･ｾ＠ ·the phenomena in n tyv.e. gt.n·mnnium in . 196'7'• 
ｾｨｩｳ＠ ｡ｰｰ･ｮ､ｩｾ＠ ､ｾｾ｢ｾｩ｢･ｳ＠ a ｢ｲｩｾｦ＠ investigation of the ｾ･｣ｯｮ､＠ ､･ｾ･｣ｴｯｲｯ＠
Both ｰｬｮｮｾｲ＠ Ge (Li) detectors were of siu)ilar. d.in\ensions, havh1g 
drift depths. of I\; 3 Jnlllo and \'lith total volumes of ｡ｰｰｲｾｸｩｭ｡ｴ･ｾｹ＠ 3 Cl;l3 ·o 
Bo.th ,.iere also ｭｯｾｮｴ･ Ｎ ､＠ using. ｣ｯｮｶｾＱＱＮｴｩｯｮ｡ｬ＠ techniques ｡Ｑｾ､＠ contacts \tare 
ﾷ ｡ｳｴ｡｢ｬｩＮｳｨｾ､ﾷ＠ ＬＮＬｾ＠ th inditim foi-143 and · ind.ium ... gallium euteC?tic. ｔｨｾ＠ Ｎ ｦｩｾﾷｳｴ＠
·detector \tas urgei)tl.y required for other expe.r'iments nl'id hen.ce c.ould fiot be· 
' . . . . . . 
. . 
ﾷ ｾｶ｡ｬｵ｡ｴ･､ ｟ ｦｵｬｬｹＮ＠
. . 
The. second detector \'lt:\S ｳｾ｢ｳ･ｱｵ･ｮｴｬＩｔ＠ mounted in the . ｓｾｉ｜ｕｾ＠
cryostat and ｴｨｦＮｾ＠ effect wns ｯ｢ｳｾＺｾｲｶｴＺ［Ｇ､＠ when routine measurements ｜Ｇｬｾｲ･＠ t£.\ken 
a.t'tel" cooling. 
· Ii'iu o ｾｉｉ＠ o 1. aho\'15 . the ｣ｵｲ Ｎ ＺｲｯｮｴＭｶ＼ＮＧ＾ｾ＠ ta.ge. i.1nd the . cu.pnci ｴｹ｣ｷｶｯｬ ﾷ ｴＮ｡ｾ･＠
character:J.stica . measured. Above '260 volts, a sharp . current .decrea·ss· is 
.observed that is stable a11d reproducitite. 
of charge collection a11d 'the field across the ·1ntrii1sic · r _egion, the ｰ ﾷ ･ｾｫ＠ to 
' 60 . . 
Compton ratio, resolution and pi1lse height . ｯｵｾｰｵｴ＠ for Co were ｭ･｡ ﾷ ｾｵｲ･､＠ \'lith . 
ｩｮ｣ｲ･ｾｳｩｮｧ＠ ｢ｩ｡ｾＬ＠ -the results .being plotted ·in Figo ｉｉｉＮＲｾ＠
This . qata is ｴｙｉＺｬｩ｣ｮｾ＠ o! n..;.tl .. ｭｾｬ＠ ､･ｾ･｣ｴＹｲｳ＠ · showitw that ｴｬｾ･＠ bias .is 
ｾ･ｩｮｧ＠ ﾷ ｳ｡ｴｩｳｦｾ｣ｴｯｲｩｬｹ＠ applied ｡｣ｲｾｳｳ＠ the intrinsic. region a.fter the onset of 
the ｮ･ｧ｡ｴｩｶｾ＠ slope in the current chnracteristico 
li'awcett and Paige .( '1967). observed. the effect between 27 - 77°IC, 
Hence it \'laB decided·. to observe the ｾ･ｨ｡ｶｩ＠ our of the qetect.or in this 
ｴ･ｭｰｾｲ｡ｴｵｲ･＠ range by ｲｾｰｬ｡｣ｩｮｧ＠ the liquid nitrogen l-Ji t .h liquid helium, and 
after ev£tporation of tl1e helium, · measu1 .. ipg the characteristics as the ｣ｲｹｯｳｴＺ ｟ ｾｴ＠
\lfi..\rnts up o 
. ' 
. · . 
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'i'he ｣ｲｹｯｾｴ｡ｴ＠ was des inned :for use ｾ､＠ th. l:iquid nitrogen, and hence 
. the lm'lest ｴ･ｭｸ＾＼］ｾｬＢ＼Ｚ｜ｴｵｲ･＠ ｾ｢ｴ｡ｩｮｾ｣ｬ＠ Ｈｭ･ＮｦＺＮ｜ｓｵｲ･ｾｬ＠ by a therm.ocoupl(;1. ｰｊＮ｡｣ｾ､＠ near . the 
､･ｴ Ｚ ＼ＮＢＡｃｴｯｾＮＩ＠ was . .3'7°1\". · Ii'igo ｉｉｾｯ Ｎ ＧＳ＠ Bh()-l'TS the ｣ｱｲ ｬ ｾｾｮｴﾷ ｾ ｶＺｯｊＮｴ｡ｯ･ ﾷ＠ ｣ｨ｡ｲ｡｣ｴｭＺﾷｾ ﾷ ｳｴｩ｣＠
l,)lqtted at ｴ･ｭｰ＼ｾｲ｡ｴｵｲ＼＿Ｎｳ＠ Qetween .:-s7°K ｾ Ｚ ｭ､＠ :t:5!.5')K. nho1m which the ｣ｨｾｴＮ［｡｣ｴ･ｲｩｳｴｩ｣＠
was Outgnssino :in the cryostat ｬｬＺｏ｜ ﾷ Ｇｦｾｖ＼［ｴｬＢ＠ ｲ･ｳｵｾ＠ ted 
in ｦｾｵｲｦｮ｣･＠ ｣ｯｮｴ Ｎ ｡ｭ Ｚ ｩｮＮ｡ｴＺｩＮｾｮ Ｎ ｬ＠ giving ｴｨｾＺＮＧ｜＠ det.8etor leakage ｣ｨｬＺｬＬｲｮ｣ｴ｣ｲＺｩＮｳｴｾｩ｣＠ o:f 
. o · 
F:too Il!. .. 5 at 77 K. The ｯｲｬｾ ﾷ ｊｩｮａｬ＠ shape ｳｬｾｏ｜ｴｦｬｬ＠ in Fino I1Io1 can ｾｴｩｬｬ＠ be 
observ.ed ｳｵｰ＼ｾｲｩｮ｜ｰｯｳｯ｣ｬ Ｎ＠ upon ·the excess . leakane due · to the ＼Ｚｾｯｮｴ｡ｭｩｮｵｴｩｯｮ｣＾＠
. . ... 
·The syrface ·coi1tand.nutiort' ｷ｡ｾ＾＠ remov:ed b,y "'ai .. ming the detector once 
more to room teinp(H'nture · und pump:ing the cryostat wi tl_l a ｭｾ Ｎ ｬ･｣ｵｬ｡ｲ＠ ｳｩｾｶ･＠ pump. 
· F:tg o II I o 6 shO\'IS ｴｨｾ＠ resul t .ing ｣ｵｲｲ･ｮｴＭｶｯｬｴ｡ｧ･［ｾ＠ ｣ｨｮｲ｡ｾｴ･ｲＺｩＮＨＺ［ｴｩ｣Ｎ＠ after the crystal 
.h.nd ·been returned to 77°1\., . It is ol?served ｴｨｾ｜ｴ＠ the . orinipal ｣ｨｾｲ｡｣ｴ･ｲｩｳｴｩ｣ ﾷ＠
in regainedo Tho typicnl slo,.,. -.'!urrent fa·ll. \'li. th time at constant. voltage 
Ｈｦｯｴｾ＠ ' the ｣ＺｲｹｳＭｴＺｾｬ＠ ut '7?°K) i::1 also ｯ｢ｳｾｾｾｶｾｾ､＠ in both Fioso 1Ilq5 nncl 6" 
'l'hi::s ｾｦＺｦ･ ｟ ｣ｴ＠ hrlS · o:l -ther ·hull<:, s\Jr-fr\ce .stt·:\te or d\Jtector con·b:\ct 
ﾷ ｾｲｩｧｩｮｳ＠ o 
·ouriUfJ a ｜｜ｦＧｯＮｲｮ､ｮｾｊ＠ nntl q.ooli_ng cycle 7 the ·compensation profile .and . . 
surface states may ·cl\nnge so that should the ･ｦｾ･｣Ｎｴ＠ .originate from either. of 
ｴｨ･ｳｾ Ｗ＠ the curve shape is permanently affc;;ct·edo }i'or ｾｨｩｳ Ｎ＠ detector, this is 
The behaviour of ·this detector is n.ormal \'lith the exception 
The remaining possibility by this 
｡ｲｧｵｾ･ｮｴ＠ is that of the ｾｯｮｴ｡Ｎ｣ｴｳ＠ ｾ＠ . .Ridley (1967) has considered thE;\t the 
applie.cl ｣ｯｮｴｾ｣ｴＮｳ＠ might have an ｡､､ｩｴｩｯｮｾＡ＠ ju11ction., ［ｩｮ｡､ｶｾｲｴ･ ｟ ｮｴｬ Ｎ ｹ＠ · gener-a:ted 
say by oxi<,le layers on the indium Ol' germanit'Unt precil?i ｴｾｴｩｯｮ＠ in the n-layer 
.or ·contamination on the n or P.""layer. 
i:nj'ection propert:l.es '· though t .hey \\'"ot\lcl ﾷ ｦＺ｜ｬｾｯ＠ be expected to result in ·poten-
tial. ··(li .. ops across . ｴｨｾＭＡ＠ ｪｵｮｾｴｩｯｮｳｯ＠
Bonch ... ｊＳｾｴｬ･ｶｩ｣ｨ＠ (1967) has ｣ｾ･ｶ＼ｾｴｯｰ･､＠ · a theory expl(.\.i.ning thnt · I-\ apace 
charne ｭｩｧｾｴ＠ be built _up :in ｾｩ ﾷ Ｑｯ＠ ｩｮｴｾﾷｩｮｳｩ｣＠ _r:e1:rton., · tJ1.v:lnn f.'n electricnl ､＼Ｌｉｄｌ｜ｾｮ＠
that ropC;lla injected chnroo o 'rho ｾＺ＼Ｉｮ､ｩ＠ tiona ｨｱｬ ﾷ ｬ･ｶｯｴｾ＠ to 1-iet up such l:\ ｵｴｾｬｴ･＠
.. . . . 
t1ould bG tli.ghly ､･ＬｴＮ＾･ｮｵｦＮｾｮｴ＠ upon ｴｬｾｯ＠ componstl.tion ﾷ ｶｲｯｦＧｾｬ･＠ Ｈ Ｎ ｾｮ､＠ .i.ntrin:uic region 
ＨＮｾｯｵｮｴｭＮｮＢｲＭＺｾ＠ maldno :i.t highly l1lCn.tdti ｖＨｾ＠ to warminn and t.!ooling ｾ＾＠
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It ｩＱｾＱ＠ uii.'f1cul t to det(:n·mfue the OXt:tCt o'r:i.g:in ·o:f thi:s il.nomolous 
ｱ･ｩＧ･ｲｾｴＮ ＮＮ＠ ｔｨｦｾ＠ demouu·ting ｾｦ＠ ｩｨｾ＠ cietectox· Ｎ Ｑ Ｑ ･ｶ･｡ｬｾ､＠ no ｕｾｬｬｴｓｕﾣ｜Ｑ＠ c.ondi ｴｩｯｾｓ｡＠
Should such nn effect. ﾷ Ｎ｢ｾ＠ reproduciple theri. it could le'ad to ｾｬｬｬｰｬＢｏｖＨＮｾ､＠ detector 
ｰ･ｲｦｯｲｭ｡ｾＱ｣･ｳ＠ since the minimum lealtage ·occ::.urs at a reasonable ｶｴｾｬｵ･＠ of 
collection fleldo 
1'his problem is ｩｬｬｵｾｴｬＢ｡ｴｩｶ･＠ of many of the unexplained effects 
some'ti1nes observed l'd th Ge (L:i.) detectors. Only ｰｾＺｲｴｩ｡ｬ＠ ｭ･｡ｳｵｲ･ｭ･ｾＱｴ＠ is. 
possible. without interference ｷｾ＠ th ﾷｾｨ･ ﾷ＠ detec·to:r ｾｮｶＺｩｲｯｮｭ･ｮｴ＠ ·causing permanent 
chnnges in detector ｣ｨﾣ｜ｬＧＧｴＺ｜｣ｴ･ｲｩｳｴｩ｣ｲｾ＠ o 
ﾷｾＬﾷﾷ＠ . .. ,·. · '\:• . : ｾ＠ ' . ; 
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Homogeneous ｾｴ･､ｩｵｭ＠ \'d th ｾＺｴ＠ Ge ('Ci) ｄ＼ ﾷ Ｚｾｴ･Ｎ｣Ｚｾｴｯｲﾷ＠
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Nearly all applications '"i th Ge (i.i) detectors rely on measurement 
of ｦｾｬｬ＠ energy ｰｾ｡ｫｳＬ＠ utilising the ｨｩｧｾ＠ ･ｮ･ｲｾｹＮｾ･ｳｯｬｵｴｩｯｨ＠ potential rif ｴｨｾ ﾷ＠
spectrometero HO\'fevor,. the high energy resoluti.orl potent.i.nl ' also allm'IS 
·This 
｡ｰＮｬＩ･ｬＧｬｾｩｘ＠ descri.bBS Orle applicnt.'ion Util:i.sing ｓｃｯＮｴｴ＼Ｚｾｲ＠ ·to determine the deptl) 
of -a fl)ource .in · a · ｨｯｭｯｧ｣［ｮ Ｚ ｾ｡ｯｵｾｊ＠ ·mcdiumo 
. . . .. ,· . .. 
This hns ｰｯｳｳｾ｢ｬ･＠ application ; in ｮｾ､ｩ｣｡ｬ＠
For a gamma ray to be registered in the full energy ｰｾｮｫ＠ of a 
spectrum· ｩＮｴｾ＠ entire energy ｾｮｵｳｴ＠ be ·deposited in the sensitive vqlume of -the 
､･ ﾷ ｴｾ｣ｴｯｲｯ＠ . lf· the ganuna. ｲｾｹ＠ ｵｮ､ｾｲｧｯ･ｳ＠ a . lm•t angle scat.ter (Fig o IV«> 1a) thet-i 
. . 
it is removed from -th9 pea\t ｴｾ＠ a ｰｯｾｩ＠ tion below -corresponclil'_lg to the energy 
loss ·of _the .scatter event. An _incre_ase in medium ｴｨｩ｣ｾ｜Ｚｮ･ｳｳ＠ ·increases · the 
pr.oportion o:f scatter events ·and decret.wes the proportion of ·-full enerQY peak 
･ｶ｣［ｾｮｴｳ＠ (lrig ｾ＠ I:V o 1b) 9 
A r_neasure of the SC£ltter J.s ･ｦｦｴＮｾ｣ｴ･､＠ by_ the rt\tio G, defined . iri 
Figo IV. 1b and i ｴｾＺｊ＠ vari£\tion \·:ri th depth :L s calculated ns follO\'ISca 
Consider a ｬｾｹ･ｲＬ＠ ﾷ ｴｨ［ｩＮ｣ｬｾｮ･ｊｩｴ［Ｚｊ＠ dJt 9 x_ ·ins.idt-) .n ｭ＼Ｚｾ＼ＮＧｬｩｵｭ＠ thicltness · g 
The :f.or\'tard low angle_ ｳ｣｡ｴｴｾｲ＠ from dx is dS, 
t:• lnati-twt:. f.'tir Stx•ahlcnschutz, 
GeselJ.schaft fffr Strahlenforschung, 
ＰＰＱｾＲ＠ Neherbery/b ＱＧＭｬｵｮ｣ｨ･ｮｾ＠ -
Itlgohltadtor ｊＮＬ｡ｮ､ｳｴｲ｡ｳｾＺｮｾ＠ 1 9 
｜ｖｾ＠ s ·t Ge r.many • 
and 1 :::: incident ｧｭｲｵｾｾ＠ ray flux 
at ﾷ ｾｸ Ｎ＠
.· .. 
for\•rard. scatter coefficient 
for a ､･ｦｩｮｾ､＠ ＼Ｚｾｮ･ｲｧｹ＠ ratlge · 
of scattero 
I 
. I 
' 1. ' ••·• .... ,.···· 
. , . : 
. . . .. . 
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G 
g 
scatter 
· 'If ray 
7""' ...... 
I 
X 
cryosta.t housing 
D G<>(Li) detectol" 
air 
direct Y.ray 
.medium 
ﾷ ｾ ﾷ Ｍ］ ﾷ ］］］］ＭＭ dx 
source 
ｅＺｩｾｾＡＡｊＮｾ＠
ｾｾｴｲ｡ｬ＠ ｍ･｡ｳｵｲ･ｾＮｮｴ＠ Qf ｓｾｾｮ､ＮＮＮＮＡｌＮ＠
:no ｩｮｴ･ｲｦ･ｾＧｩｮｧ＠ medium . 
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. tl 
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source ru1d detector 
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If ｾｴ＠ . = total intort"'.ction coefi'icient for that ｉｗｾ､ｩｵｭ＠ nud ･ｭｾｲｧｹＬ＠ th<::ul 
e ｾｾ＾Ｙ＠ o IVa 1 is r.ewri :tten ·LU1 
' . ＭｾｴｴＮ＠ ';}.( . ｾ＠ S ｾ＠ lo ｾ＠ ｾ･＠ cl"' 
The scatter reaching the detector from dx is approximately 
•ＩａｾＨ＠ s .. ｾｾ＠
d-S IQ,. 
000000 
Irrteui·ation: C!f IV.2 for -x varying o to o .gives the totu.l . scatter, S.,. , . 
ｲ･｡｣ｾＱｩｮｧ＠ the ﾷ ､･ｴｾ｣ｴＮｯｲ＠ ､･ｦＮｬｮｾＢ､＠ by ｾｨ･＠ ｶｾｬｬｵ･＠ of ｾｨ･＠ forward. scatter ｣ｯ･ｦｦＧｩ｣ｩ･ｾﾷｴ＠
-f.tt ｾ Ｍ . 
' Honco st: ;;; I 0 '£ 3 )-tc 
:· . 
'l'he total ｴＳ｣｡ｴｴ＼ｾｲ＠ events in the ･ｮ･Ｑｾｧｹ＠ \<Iindow (AC) is approximately · 
where B.s. = 
· 'l'be counts.· in · the peal(:. region (AB) are 
/.. I -JAb 9 . · . 
s P 1 o -'e · ｾｴ＠ . 'B P '"here 'Sp ;::z 
ooeo•• IV.,3 
additional continuum 
not associated \'lith 
the medium 
ｾ､､ｪｾｩｯｮ｡ｬ＠ counts not 
associated with the 
source. 
·Therefore it ·is Uf:Jef'ul i;o def:lne the ratio G of the c .ounts in the ·x-egioi1 
AB 9 AC as . . _ }t.t ｾ＠ , · . 
G ｩＡＡ｟ｉｯｾｾＭ +'"Be 
"= · l . J4 ｾ＠ ";"':) o o • • o e IV.!) ｾｐＭｲ＠ I o <;\ ｾ｣ｩＢ＠ ｾ＠ -\- .o i 
Bp is ｾｧｮｯｲ･､＠ _as it. is generaJ.ly sniall compared l'rit'l ·the ｰ･｡ｬｾ＠ counts., . Bs 
:ts frequently comparable l'ii ｾｨ＠ the scatter component. The variation ·of· G 
,.ri ｾｨ＠ g depends ｵｰｯｾ＠ the choice of AC ｾｾ､＠ ｨｾｮ｣ｾ＠ ｾ･＠ o . In general, ·the · peal<: 
al"ea has al.\ia.ys bee;n f'ound to be .several times larger than · the scatter 
component ·and hence, G ,.,i.ll have .an ｡ｰｰｲｯｾｩｴｮｦＺｴｾ･＠ var:l.ation ,.,ith g of e-x 
The above analysis is valid if the variation of ｾｐＺｴ＠ rmd ft t: is 
small in the ･ｲｾ･ｲｧｹ＠ region BC. 
If ｂｾ＠ can be· subtra9ted th.en :the 'ratio . G can be rewritten as 
00011100 
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Variation o:f G '\\d. th \vatel" Thickness aucl ﾷ ｜ｾｩ､•ｴｨ＠ of · AC 
｢Ｂ｣Ｇｗｗｉｲｳ ｾ ＢＢ｜Ｂ］ＢＧｾｾ ｾ ＱｯＮＢＧＱｮﾫ｜＼｡ｾﾫａｾ Ｎ ＱＴｴ•ＬｊＬＧｴｬ［ｯＬｾＮＮ｟ｾＮ｟ＮｾＢＢｾＢＢＢＧＢＮＮＮＬｾｾｾＢＧＢＮ｡ｾＮＬ｟ｾＭＮｾＭｔＭｯＮｉＧＮｊｴｙｇｾｾＮＮｷＮｬ＠ ... ｾＬ＠
( G according to ｅｱｵ｡ｴｩｯｲｾ＠ IV o5) 
5 10 
t;t ｾ Ｍ ｾｾｴ･ｬＢ＠ ﾷ ｴｨｩｰｬｴｾ･ｾ Ｎ ｳ＠ em) · . 
. ,_.. , 
ｮｾ Ｎ ｮｵ｢･Ｎｲ＠ o:f peait · · 
\'lidths of scatter 
15 
. : 
.. 
.. · 
. 2(J8 
As g . increases, G decreases. · .Ylith .a ｰｲ･Ｎ｣｡ｬｩ｢ｲ｡ｴｩｯｾｬＬ＠ ·the depth 
'of the source· in m1 unlcnm·m ｭｾ､ｩｵｭ＠ .may ｾｬ｣＠ ､･ｴ･ｲ•ｾｩｮ･､＠ from ·n single ｯＱ･｡ｳｵｬＺＮＮ･ｾ＠ . 
ment, )'lhich cal} ·be used t.o correct ;for ｳｯｵｲｾ･＠ ｾｴｴ･ Ｇ ｮｵ｡ｴｩｯｮＮ＠ ｔｨｾ＠ range· AC 
includes all scatter up to (.\ ｣･ｲｴＧ｡ｩｾ＠ .. maximum .f;\nole t defined ｾｹ＠ ｴｨｾ＠ energy 
loss of the Ｎ ｳ｣｡ｾｴ･ｲＮ＠ evento Care:ful ｾｯｳｩｴＺｩＬｯｮｩｬｴｧ＠ of C allo\'is a Ｈｾ･ｳｩｲ･､＠ ､･ｧｲｾ･＠
o:f ＢｳｾｬＮＺｦＭ｣ｯｬｩＺｬｭ｡ｴｩｯｮＢ＠ 'to be achieved. 
'137 
'l'o ､･ｭｾｮｳｴｲ｡ＮＺｴ･＠ the t .. ectm.i,que a· Cs s .otu;-·ce ,,us ＱｾＱｯｵｳｵｲｰ､＠ nt n 
.fixed ､ｩｾｾｴ｡ｮ｣ＨＺＩ Ｎ＠ (25 .em) fro1i1 f" ｇｴｾＨｬＬｾｪＮＩ＠ ､･ｴ＼ｾ｣ｴｯｴ•［＠ tmd ﾷｾﾷｵｦＺｴ＠ Ｈ［ｾｈ＼Ｎｵ＠ .. gy ｐ Ｎ ｃｹｾＨ＠ cotmts_, 
scatter urHl h(;,UCe G, \y'Ql"(;l rJlc':ll\SHrod. ｜ｖｾｴ｣ＮＺＱｲＬ＠ iTl incr<:'H.\::I.iU1J ｴｨｩＨＱｬｴｮｯｾ［［ＺｾＬ＠ \'/"(ll;'J. 
J.ns0.rted bot\'leen the source and ､･ｴ｣ｈｾｴｯｬＢＧ＠ (li'it}• IV.,1.n) f.Hld 'tho approprinte 
ｰ｡Ｎｲｾｬｬｬｾ Ｎ ｴ･ｲｾ＠ tneaSU;l't;)da ·. \'later .\vUS CUOSen ill 'this ｩｮｳｴｾｕｃｏ Ｎ＠ to ｰｲｯｶｩ､ｾ＠ aU 
apprm.dmate ti.ssuc equivalent _absorbere For each water i;hi.ckness, G .was 
.measured for several valttes o:f AC. 'fhe· ·deteci:or ｕＱＮ｣ﾷｾｩ＠ ve volume 7 ·'* ｾｭ Ｓ Ｌ＠
4:o5 l<:eV ｲ･ｳｯｾｬｬｴｩｯｮ Ｎ ｯｮ＠ Ｑ Ｍ ＳＷ ｣ｳＩ ｾ ｨ｡､｡ ﾷ ｟ ｰ･｡ｬＮＺ［＠ base \,idth .of .· 10 ｬｾ･ｖ＠ at .662 .kev. · 
AC ,.,as ·measured in terms of ｰｾ｡ｬｾ＠ base ,.,;tdths belm., .the full energy pe':'lt. 
The ·exper:tment _,vas ｲＨ［ｾｰ･｡Ｎｴ･ｾ＠ with n lead .collimator .to determine 
the feasi.b.ili ty of extended source ｭ･｡ｳｵｲ･ｭ･ｮｴ ﾷ ｾ＠ a 
A mnrl\.atl vuriution of G i::; ｯ｢｡＼Ｎｮｾｶ｣､＠ over ti\11 water · 
thicltnesses ｵ｡＼Ｎｾ､＠ ｾ Ｎ ｜ｩｴ､＠ all .AC •. tl'he ｶｭＺｾｩ＠ at.:i.on is npprox:lmatcly logurithmic, 
ｴｨｾＱ Ｎ＠ experiment· ｲ･ｰ･Ｎｴ｜ｴｾ､＠ vl.i. th ｾ ﾷ＠ .9-Qllimator ·.inae1"ted next . to the detect'!r• 
lvith the: collimator · in ｾｬ｡ｱ･Ｌ＠ · G was ｣｡ｬ｣ｵｬｾ｜ｴ･､＠ Ｎ ｾｮｬｹＮ＠ ior AC = ABo Variat-
ions in G ai·e . still observed, but are reduced due. to . the ｡､､ｩｴｩｯｮ｡ｾ＠ scatter 
from the ·lead. 
The ·colliltJator \·ras ｳｩｮ｜ｰｬｾＬ Ｎ＠ ｢･ｾｮＹＮ＠ a $ mni diametel" hole drii ied 
"in a s·.o em thick lead 'Plock. For a ｳｯｵｲ｣･ｾ､･ｴ･｣ｴｯｲ＠ distance· of 25 ｣ｾ Ｙ＠
'the spatial resoluti.on Ｇｾ｡ｳ＠ appro:<timately 2.0 em. Careful design ＧＧｾｯｵｬ､＠
improve this figure an 6rcler <?f niagni tude, · tho\lgh ｾｨｩｳ＠ would ｩｭｰｾｳ･＠ restri-
ctions· upon AC since the maximum ｳ｣｡ｴｴ･ｲｾｮｧ＠ .Einole ｷｯｵｬ｣ｬ ﾷ ｢ｾ＠ limited • 
. •,. \ 
.. . t. .  
.-.l 
. ! 
( G accot"'ding to Equa ｴｾ＠ on :tv a .5) 
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ﾷ ｾｾＺｴｯ＠
1'he · teclu1ique i.s ｾｴｯｲｬｴ｡｢ｬ･＠ · in the col'ldi t:i.ons set by this ･ｾ｣ｰ･ｺﾷｩｴｵ｡ｮｴ＠ .. 
It is. ｟ ｰｾｳｩＭＺＮｊｩ｢ｬ･＠ to· ｴ｡ｬｾ･＠ a ｴｨｩ｣ｬ＼ｬＧｬｑｾｳ ﾷ＠ ｭ･｡ｳｴＮｊｲＨｾｊｾｴｾＺｕｬｾ＠ \-J"ithout totichi:tlo .the a.bsorhiilg 
meditlltlo ｆｾｲ＠ the technique to . bec(')me of practicnl use 9 Ｎｴｨｻｾ＠ :following· points 
mu::tt be' COlisidered: 
1) ｾｾｲ｡｣ｹＮ＠ The calculation ｯｾ＠ G inv<>lves the comparison o.:f tl\ro 
counts \'fhich results in a · ｳｴ｡ｮ､ｾｲ､＠ ｣ｬ･ｶＺｴ｡ｴｩｾｮ＠ for G., Counts :tn 
excess of 103 ·must be accumulate·d i11 AC and AB :lf the deptli 'is . 
to .be dt-'ltermined hri.thout collimator) to Ｇｾｩｴｨｩｮ＠ 5% standard 
､･ｾＺｬ｡ｴｩｯｴｬ＠ since a small vnr•io:tio11 in G ｬｾ｡､ｾ ﾷ＠ ｾｯ＠ ·a larg·e,r _val .. Ｚ ｬ｡ｾｪ Ｎ ｯｮ＠
in. cnlculato<:i · ·th:lcknessct . 
· \'/.han col.li.mated, .tl.1o Ｎ､ｾＧｴ･｣ｴｯＮｲ＠ ·had .an. r.\baolute full ･ｾ･ｩＢｏｙ＠
. 137 . -5 . . 
.pealt efficiency for Cs of 3 x 10 ·resul ｾｩｮｧ＠ in an uncertainty 
in G ·o:r _20% fc;t" a 100 ｾﾷ＠ Ci .. source ｾｮ､＠ T a? 5 min. ,- _Iror lar.ger 
､･ｴｾ｣ｴｯｲｳ＠ ( >L.lO ｾｭＳＩ＠ ｾｮ､＠ · for ｬ｡ｾｧ･ｲＮ＠ ｳｯｵｲ｣ｾ＠ Ｎ ｾ＠ .. ｴｲ･ｮｧｴｾ Ｎ Ｑｳ＠ ＨＮ｣ｯｭｰｾｴｩ｢ｬ･＠
wi t}l ·organ uptalce measurements) then the uncertainty in. G can .be · 
improvecl to 2% giving a · ｴｨｾ｣ｬｴｮ･ｳｳ＠ measuremellt deviation o:f 1\1 . . ＴＺｾｾＮ＠
" 
2) ｾｾﾷ＠ This experiment was p.e.t:"formed ＧｾｩＮｴｨ＠ \'later.. It is _pot-l#3ible 
to uae other materials (Petel"'SOl'l . 1970) o : Since ｴｨｩｾ＠ method reiies 
only on the ｃｾｭｰｴｯｮ＠ ･ｦｦ･ｾｴＬ＠ · ｴｾＱ･＠ ｳ｣･ｴｴ｣ｾｬＢＧｾｩｬｯ＠ cr·oss ... ｾ･｣ｴｩｯｮ＠ depeuds 
only · Ol'l the ·number of el.ect.roi'iS in the abaorl:>eX"• 
· should. be expected to bo sirldlar for various ･ｬｾｵｵ･ｮｴｳ＠ ·if the thick-
ｮｾｳｳ＠ is expressed in eleQtrona pel" . cm3 o li'urther ｾｸｰ･ｲｩｭ｣ｮｴｮｴｩｯｮ＠
.is necessary to ･Ｚａﾷ ﾷ ｰ･ｲｩｭ･ｮｴｾ｜ｬｬｹ ﾷ＠ detQrnd.ne .the variations :for d.{f .• 
:ferent madia und for different ･ｮ･ｲｧｨｾｳＮ＠
The for\'l'ard Compton ｳ｣ｾｴｴ･ｲｩｮｧ＠ cros-s-aec_tion 
.(pe,r ･ｾ･｣ｴｲｯｮＩ＠ is ｩｮ､･ｰ･ｮ｣ｾ｡ｮｴ Ｎ＠ of ｾｮ･ｲｧｹＮ＠
,:ro,il.ld be . expected for . other . energies. 
Hence s:ltitilar · J.:"eiEi'ul ts 
It ia interesting ｴ｢ｾｴ＠
the method is· almost. totally insens:t ti ｶｾ＠ to ｴｯｴｾ｜Ｑ＠ ｾｴ｢ｳｯｲｰｴｩｯｮ＠
ｰｲｯ｣ｾｳｳ･ｳ＠ Ｈｰｨｯｴｯ･ｬ･｣ｴｲｾ｣＠ and ﾷ ｰｾｴＺｩ Ｎ ｲ＠ p14 oduction). ｾｮ＠ ｴｨｾ＠ ab.sorl.)er. 
ｔｾＱ･＠ method "piclts out" ｴｾ･＠ .Compton effect even if' it is only a 
small ｰ･ｲ｣･ｮｴ｡ｧｾ＠ of the total ｮｵｭ｢ｾｋﾷ＠ of interactions. 
'*) ﾣＲＮＡＮＮｬｬｲＮｾＡＡＮＮｾｾ＠ 0 
is ･ｳｳｾｮｴｾＮ｡ｬＮ＠
If a ·aource profile is ｾｦＺＩｱｵｩｲＨｾ､Ｌ＠ tluH1 col.limation · 
. . . . . 
Careful design is require.d to· ｯｰｴｩｬｔｩｩｾ･＠ Ｎｳｰ｡ｴ ﾷ ｩｾｬ＠
ｲ･ｳｯｬｴｾｴｩｯＺｴＺｉ＠ ｡ｾＱ｣ｬ＠ miuimise .s.catter :f:rottt ｴｨｾ＠ colLimator materit\lo 
The · use r)f a collimEtt.o.r ｾｨ｜ｬＧ｡Ｎｹｳ＠ deg:r;-ades 'the ｰｲ･｣ｩｾ､ｯｮ＠ of G. 
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Schematic ·Layout ·for a Direct Measurement o.:f .. G a"ld g 
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Instrumentation may be ｴ ｾ ｜ｲＮｲ｡ｮｧ･､＠ to g:i v·e di.reQt 
readings of c:;lept.h lmd source. ｡ｴｴｴｾｭ Ｎ ｵ ＮＧｬｴｩｯｮＢ＠ Figo IVoli ｳｨｭｾｳ＠ n 
schematic l ayout f<.)r a proposed, systemo Ｎｾｦ Ｇ ｴｴ･ｲ＠ .. amplificatioi·1 by 
ｴｨｾ＠ pulse amplifier ＨｎｅｉＺｴ Ｍ ＶＰｾＺＩＩ＠ 1 ｴｨｾＧ＠ pt•lses ｡ ＾ｾ ･＠ fed to· ttto sirl{{le 
channel ｡ｮｬＺｬｬｹｾ･ＺｲＮｳＬ＠ one set on AB and ｴｬｮｾ＠ other on AC, Tho outputs 
nre then ｦｾＩ､＠ into two ｬ Ｇ ｾ［､Ｚ･ｭｾｴ･ｲｳ＠ ｟ＨｎｊｾＺｌｾＶＰＧＷＩ＠ set to gi"(:"· u ·J.oou.rithmic · 
ｰｾｴｴｰｵｴ＠ and the resulting voltages ＴＮｮｾｾｽ＠ thon :fed .into ｴＮｨＨＺＬｾ＠ .nnulogue 
. ' 
subtraction unit ＨｎｊＺＮＡｾｌＮｾ［ＶＵＶＩ＠ o Here, the l .og signals ｅＮ｟｜Ｚｃｾ＠ Stibt.'l,"'acted 9 
· and the di:fference is propo.t·tional ·to log · G1> The output scale 
can be · directly ca.iibrated in de·pth o.r ·attmi.uation fa.ctoro 
Conclusion 
ＬＮＮＮ｟ ｾ ｟ＮＮＮ［Ｌ＠ .. ｟ＬＮ｟ＮＮＮＮＬｱｯｱｾ＠
ｾｬＧｨｩｳ＠ O;Kper:i.ment demopt:ltrates the use ()f :forward scatter measure-
menta \\lith Ge(Li) detectors ·t:o·· measitre ｳｯｵｾｾ｣･＠ depths · in 1nadia. Sevoral 
othe1 .. applica.tim:u:J nu:ty · be ·considere4 9 ｳｯｭｾ＠ in medicB:l measurement.·o 
The instrumentation i.s ｾｩｴｵｰｬ･＠ and can be constructed from l''eadily 
&Vaila.ble un:i.tk:lo 
. Further \'/ork · is 1·equired to fully ､･ｦｩｾｾ＠ the potentiul of the 
-technique. 
.. .... .. ... ,,.,.; ." 
..... - . .i ' ... ｾ＠
·,:. ';.. ｾ＠ . .. ,·· ... ｾ＠ . 
. ｾ＠ •. 
'I 
I 
ｾ＠
·;t· 
'• .· 
·' · 
ＺＱｊ＿ｅｾｮ､ｩｸ＠ :f. 
. ｕﾣｾｾＲＡｾｾｑＭｾｾﾣｾ＼＿ＬＡＺ Ｎ ＺＮｾ＼＿ Ｑ ｾｬｾＹ＠ .. ｾＡｬｬｩｾｾｾｾＡｬ＾ＭＡＮｾｬＮｮｲｴＮｊＡ･ｬ＠ ｾ＠ ... ｾ ｾｾﾣ･ＮｾｾｱｾｭｾｅＺｾｾＡＡ＠
Int:t'od.tict ion 
ｾ ＭＺｮ ］ＭｾＭＭ Ｂ ｾｾ ｶＬ ｾｾ＠
.This det.e.ctor ､･ｾｩｾｮ＠ is pro.p.osed ·co obtai.n the maxiuium flexibility 
fx•om a spectrometer, thereby giving 9p'ti.mum .uiae. for a wide pmge of measure-
. . . . 
ｭ･ｮｴｳ＼ｾ＠ \vell ｾｯｵｮｴ･ｲｳ＠ (sect, 5c3o3) have. ｢･ｾｮ＠ ､ｾｶ･ｬｯｰ･､＠ to· opt;imlse source-
detector ｧｾｯｭ･ｴｲｹ ﾷ＠ and duoqes ,(secto 7 o 7) .to ｴ＾Ｚｾｹ＠ to improve the resul ti·ng 
'rhe coml::>ineltion ·of ｴｨ･ｳｾ＠ ｧｾｯｭ･ｴｲｾ Ｎ ･ｳ＠ should allo'r 
a ntlmber . o:f ｰｯｾｳＺｩＮ｢ｾｯ＠ ·counting ｯｯｾｬｦｩｧ Ｇ ｵＺｲﾷ｡Ｎｴｩｯｮ｡＠ •. 
ｅﾣＮＮｾｾｾｾｾＭｾＮ＠ _..§_ tl"'UC ｴｕｘＺｾＭ
A co-rudal detect·ol" is used Ｈ･ｾ＠ ther si.ngle. ended or true co-ax:i.al 
geometl"Y) _with the p core removed to malte a well countere . 1"he n ..... layer is 
split · to give the ｧｾｯｭ･ｴｲｹ＠ ｾﾣ＠ · Fig e V o 1a. '£his. results :i.n ·two separately 
·operated halves (F'igo V-.1b) for the ohe ､･ｴ･｣ｴｯｲｾ＠ · krrange111ent of the end 
cap (Fig .• Ve1c) ｾｬｬｏｬﾷｲｳＮｩｮｳ［･ｲｴｩｯｮ＠ of sources into ｾｨ･＠ ｜ｾ･ｬｌＬ＠ The · elec.trical 
coupling of · the tt'lo halves · can be s .uch that the ot!t;rni.ts can be seJ)arate or 
summed. 
There ' are three ｢ｮｾｩ｣ Ｇ＠ modea or opEU"_ntiorl for this 'deviceo. 
1. IlC?th halves ｾｵｮｭＱＰ､＠ ·togethOl"l! ｜ｾｩｴｨ＠ tl1c source in position ( '1) or (2). 
·2 .. 
In ·this m'1de ') the detector operates as f:l conventionol 1vell detector 
. with an optimum source-detectol" oeometry. 
Both halves operating in ｣ｯｩｮ｣ｩ｣ｬ･ｾＱ｣･Ｌ＠ · source i1'1 posi{ion· (2) o 
. Cpincidence ｧｬＮｵｾｭ｡Ｎ＠ rays only · are accepted allowing preferential 
. ,/ -' . 60 46 : 
measurement of such lS - 1J sources as · Co, ·Sc. The proximity 
of each half to the .source gives a high geometrical ·ef.ficiencyo 
3 0 Both halves in .coincidence1 so.urce ill position ( 1) or (3) G 
. '.rhis ｭｯ､ｾ＠ is used for only ｮｯＡＱＭ｣ｯｾｮ｣ｩ､ｾｮＹｾ＠ grunmu ray.S, 9 u-t:;:i.lising 
,.. the ｰｲｩｮ｣ｩｰｩｴＮｾ＠ of t'1e duodea It is ｡ｰｰｲ･ｾＢＡｬＨＺ｜ｴ･､＠ (sect, ＷｾＷﾷＳＩ＠ that 
t.he duoda offers little raul ｡､ｶｾｮｴＱＡｬｧｾＮ＠ Hm·tever, the principles 
of oper4tion involved illustrate El wide ·range o:t: pl:lysicul · ｰｬｾｯ｣･ｳｳ･ｳ＠
and . as ｾｵ｣ｨ＠ can be a val Utlbl'e teaching a;td. · 
.. , . 
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11· source posl tion · t) 
·* SOUl"Ce 
ｰｯｾｩ＠ ｴｩｭｾ＠ :-;). 
1b) ｧｊＮ･ｃＺｴｲｾ｣｡ｬ＠ Arrangement 
of the Detector 
. . tl 
ｓｏｕｬｾＮ｣･＠ . 
posi-tion ? ) 
ov 
ｇ･ｮｾｲ｡ｬ＠ Layou.t 
po:.d t ｾ Ｍ ｯｮ＠ · 2) 
ｾｳｯｵｲ｣･＠ position 2) 
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Fig .• V.2 
Proposed 1-iounting Arrangement of the P.-ell D-ac.Q.e 
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The coaxial cleteqtor is fabricated by cutt:i.n{:J the ｷＮ［［ｾｬｬ＠ in the 
· ;ingot and ｴｨＨ［Ｌｾｮ＠ ､ｩｦｩＧｵｳｾｬｬｾＺｬ＠ tht-; litl'1ium either in the ｈｾＮ［ＺｩｬＮ＠ or on the outs:tdo 
. ,,. . .. : . :· 
circtlmferenceo Li th:i.um is dr:i fted, in t.he first case f\"om the \'lell outl'l"al"'ds 
. . . ·. \ 
and vicH ... ·veroa :f()r the second case.. Ｍｾｶｨ･ｮ＠ th€1:· Li.th:i.u,;i hns dri:ft.e.d ｴｨｲｯｾｮｨＧｩﾷ Ｎ＠
the i·wp contact :i.s ｾＧＢＧ＼Ｎｾｾﾷｯｳｴ｡｢ｬｩｳｨ･､＠ by gold ･ｶｾｊｬｏＬｲｌＧ｜ｴｩｯｮ＠ or a gallium diffusion. 
ＧｉＧｨＨｾ＠ outsido layer is then split ns in Ii'ig" V ()'lb. bY. a cHnmond Sa\!J' 1 or ultra-
sonic drillo 
Signals 
{.\l'(j !"'OUted. to the pr•eamplif:l.or input: ｳｴｾﾷＮ｜ｻｊｃｓ｟＠ ＨＮ｜ｾｾ＠ }.;'hOWno The detector is held 
in an adjustable cradle with a nylm1 strnp .. ＧｬｾｨＨ［ｾ Ｎ＠ c:t•ndle is electriCt:\lly · 
i.solat.ed ·;from ｣Ｎｾ｡ｲｴｨ＠ \\·:i. th a co ramie insulator, boron td. tric:h.:1 being a sui table 
ｬｬｬ｣ｬﾷｴｦｾｲｩ｡ｬ＠ :Cor this purpose o 
Ingots are readily av:-aili:.\ble up to 55 mm .. dia·. sp that large ｳｹｳｴ･ｭｾ＠
can be made \'fi th ,.,ell diameters in excess ·of' 12 ｮｭｾＭ Ｎ ｡ｮ､＠ still all0\'1" 15 ·mm 
ｈ･ｾｯｬｵｴｩｯＺｮﾷ＠ capabil':i ties of 2 '':" 3 l(eV ｳｨｯｴｾｬ､＠ be ﾷｰｯｾｳｩ｢ｬＬ･＠ w:i. tb 
. . ｾ＠
the sum 9peration peak to Compton ratios of 30 to 1 ·obtainableo 
. . •', 
. 'nlis system, though more ･ｸｰ€ＺｾＮｮｳｩｶ･＠ (.1\J ＲＰｾｾ＠ ･ｾｴＧｩｭ｡ｴ･Ｉ＠ thnn the. 
eqtlivalent 'H>lumc conventional det.ector 9 ｮｬｬＰ｜ＱＯＧｾＵ＠ soverul types of npplication 
that are only ｰｯＺｾｈＮＱｩ｢ｬｯ＠ \f:i th t\'IO ､･ｴ･｣ｴｯｾｳｯﾷ Ｎ＠
ｧ･ｯｭ･ｾｲｹ＠ is optimised to its·fullest ･ｸｴ･ｮｾｾ＠ allowing the widest range of 
source. acti.vi·ties to be measuredo 
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